To Measure—PRESSURE 
ELECTRICALLY 


G-E pressure-gage equipment, set up for calibration with a G-E Type PM-10 oscillograph 


Vike: pressure at 100 miles per hour.’’ That 
may seem like a strange order, but it’s one 
that General Electric measurement engineers received 
when it became necessary to know the rapidly vary- 
ing steam pressures in the driving cylinders of a 


modern high-speed locomotive. 


Into the ends of the cylinders went small G-E 
pressure-measuring heads—devices smaller than your 
hand. Back in the dynamometer car rode an oscillo- 
graph to translate the electrical impulses of the 
pressure head into a permanent pressure record. 
Complete, accurate records of the pressure variations 
in the cylinders for the entire trip were obtained 
without the necessity of having an attendant ride on 


the front end of the locomotive. 
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Operating in a bridge circuit with an oscillograph to 
make the record, this simple device gives accurate 
data on pressures under many conditions that previ- 
ously defied measurement. It has been used to measure 
the pressure between the rolls of steel rolling mills, 
to determine the stresses on rails as a heavy train 
rounds a curve; and for many other applications 


where it is necessary to measure pressure accurately. 


Pressure is but one of the fields to which General 
Electric engineers have brought the science of accu- 
rate measurement. Today there are G-E instruments to 
measure almost everything from the usual electrical 
values of current and voltage to color hue, flash of 
lightning, or the slightest sound. If you have any 
problem that involves measurements, let General 
Electric, Schenectady, N. Y., help you solve it. 
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Rugged Insulation 


survives fuse “explosions”~” 


in 00-amp. cutouts 


Be YHEN the fuse links of a power line “blow”, 

cutout doors burst open with explosive force. 
It takes a tough, non-shattering dielectric material 
to stand service like that year after year! That is 
why door panels in Kearney Tripomatic Cutouts are 
produced from impact-resistant Bakelite Molded 
...a material that combines toughness with excel- 
lent insulating qualities. 

Even where this “non-shattering” quality is not 
the primary requirement of dielectrics for your 
designs, you may reap important benefits from the 
many other useful characteristics found in Bakelite 
plastics. The materials are furnished in transparent, 
translucent and opaque effects in a broad range 
of colors...in many special types offering high 
dielectric strength, low power factor, light weight 
and resistance to moisture, chemicals, oil, heat and 
temperature change. 

Learn how Bakelite dieletric materials can help 
you to improve the design of a vast variety of 
electrical devices. Write for Portfolio 33 of refer- 
ence booklets describing these materials. 


BAKELITE CORPORATION, 247 Park Ave., New York 


Chicago: 43 East Ohio Street 


BAKELITE CORPORATION OF CANADA, LTD., 163 Dufferin St., Toronto 
West Coast: Electrical Specialty Co., Inc., San Francisco, Los Angeles, Seattle 


BAKELITE 


The registered rade marth shows obore dishing pol, (o,"o) fperetpepabcgenybeberenyet eonidb ieensucieioeed 
mendecared by Bakeine Corporates Unda he co mah of crm ond hae yet of Boiale Corporchan's prodcte 


PLASTICS HEADQUARTERS 


CONSULT BAKELITE 
PLASTICS HEADQUARTERS 


More than 2,000 plastic materials are 
available at this single, central source 


+ ...phenolic, urea, polystyrene and cellu- 
| lose-acetate plastics offering wide op- 
tion of color, dielectric properties and 
| resistance to impact, heat, chemicals 
and moisture. Supplied in many forms 
including: 
IMPREGNATING VARNISH 

| LAMINATED STOCK SPECIAL CEMENTS 


MOLDING MATERIALS A bronze bearing is permanently DriftsonWHE circuits are greatly X-Ray shields formed from a 
embedded in the black Bakelite reduced when television receiver special Bakelite Molded combine 
housing of this constant-speed coil forms are made from water- safe insulation, X-ray protection 
motor during molding operation. white Bakelite Polystyrene. and durability. 


VISIT THE BAKELITE EXHIBIT, HALL OF INDUSTRIAL SCIENCE, NEW YORK WORLD’S FAIR 1939 
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High Lights 


Synthesis of Color. Exposition lighting on 
Treasure Island in San Francisco Bay will 
be one of the feature attractions of the 
Institute’s forthcoming summer convention. 
Through the generous co-operation and 
collaboration of the General Electric Com- 
pany and Architectural Record, ELECTRICAL 
ENGINEERING is able to present in this issue 
a group of four-color reproductions of effects 
created at the Golden Gate International 
Exposition through the masterly use of 
electrical illumination. Technical data and 
explanations have been drawn from the text 
of a technical program paper scheduled for 
presentation at the convention (pages 
234-50). 


Lightning Performance. An AIEE sub- 
committee has gathered data on the light- 
ning performance of transmission lines 
operating in the United States and Canada 
at voltages from 110 kv to 165 kv, from 
which the benefits of various means of 
protection may be evaluated (Transactions 
pages 294-306). 


Fiber Glass Insulation. Textiles woven 
from fibers of glass have some advantages 
over those from organic fibers and asbestos 
for use as electrical insulation. Operation 
at higher temperatures than can be with- 
stood by organic fabrics is possible, up to 
limits imposed by the impregnant used 
( Transactions pages 277-86). 


Asbestos and Glass Insulation. Magnet 
wire insulated with asbestos fibers has be- 
come well established by long use; recently 
wire insulated with glass fibers has been in- 
troduced for use where temperatures are 
high. Temperature limitations, however, 
must be studied in terms of many related 
factors (Transactions pages 290-4). 


Mica Insulation. A mineral widely used 
for high-temperature insuiation is mica, 
which may be split into films as thin as 
0.0003 inch; thin films are assembled into 
large sheets with the aid of suitable binders. 
The solid, nonporous structure offers some 
advantages over other flexible inorganic 
materials (Transactions pages 287-9). 


Thomson Commemorated. At a recent 
meeting of the American Philosophical 
Society, the memory of Elihu Thomson was 
honored by presentation of several papers, 
each dealing with a different phase of his 
life. His achievements as an electrical 
engineer were related by a prominent AIEE 
member (pages 251-5). 


Bus Protection. Several recent experiences 
with faults on power-station busses have 
shown the desirability of relay protection, 
to which little attention had been given 
because of the assumed relative freedom 
from faults and the possibility of incorrect 
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tripping. Differential relaying may be 
used ( Transactions pages 243-52). 


Battery Chargers. Air conditioning of rail- 
road cars has increased greatly the demands 
on the car storage battery, and has made 
necessary the charging of batteries on 
standing cars from power circuits. Dry 
rectifiers of the magnesium-copper sulphide 
type with forced cooling have been built for 
this purpose (Transactions pages 260-5). 


Standards. In an effort to acquaint the 
membership more fully with the standards 
activities of the Institute, the AIEE stand- 
ards committee is sponsoring a series of 
articles. This month’s contribution dis- 
cusses the place of the International Electro- 
technical Commission in electrical stand- 
ardization (pages 272-3). 


Modulators. Improvements in copper-oxide 
rectifiers have led to their use as modulators 
in carrier telephone systems, where they 
replace vacuum tubes; no power is re- 
quired, but numerous effects are found that 
ordinarily are not important in the tube 
arrangements (Transactions pages 253-60), 


Local AIEE Activities. A total of 635 
Section meetings was reported to AIEE 
headquarters during the fiscal year just 
ended, the largest number ever reported; 
the number of Branch meetings was some- 
what less than were reported during the 
two preceding years (pages 268-71). 


Summer and Pacific Coast Convention. 
Final plans for the AIEE combined summer 
and Pacific coast convention are rapidly 
nearing completion, and the complete 
tentative technical program has been an- 
nounced (pages 268-71). 


Railway Relay Protection. Electrification 
of the Pennsylvania Railroad from New 
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Philippine Islands, 


York to Washington, D. C., and Harris- 
burg, Pa., necessitated the solution of new 


problems in relays (Transactions pages 
266-77). 


District Meetings. Brief reports of the 
meetings held by the Institute’s South 
West and North Eastern Districts appear 
in this issue. Both meetings included 
District student conferences (pages 263-4; 
266-7). 


Transformer Standards. Several departures 
from previous standards are involved in 
new proposed standards for transformers, 
regulators, and reactors (Transactions page 
289), 


Faraday Medal. W. D. Coolidge (A’10, 
M’24) recently received the Faraday 
Medal for 1988; he is the third American 
to be so honored since the medal was estab- 
lished in 1921 (pages 258-62). 


Sound Measurements. Sound-level meas- 
urements at some 900 different locations 
provide useful information concerning the 
noise in residences, large business offices, 
and factories (pages 255-7). 


Paper Prizes. National prize awards for 
papers presented at Institute meetings dur- 
ing 1938 have been announced (page 271). 


Coming Soon. Among special articles and 
technical papers undergoing preparation for 
early publication are: an article on the 
electric strength of fibrous glass, by Andrew 
Gemant and F. A. Glassow; an article 
discussing synthetic insulating materials 
and their application to wires, by Winton 
Patnode, E. J. Flynn, and J. A. Weh; an 
article describing a bridge for separating 
the components of traveling waves, by 
H. E. Hartig (M’30) and Cledo Brunetti; 
an article on the calculation of terminal 
voltage of synchronous generators for vari- 
ous overexcited power factors, by S. H. 
Wright (M’34); a paper on electromagnetic- 
horn design by L. J. Chu (A’39) and W. L. 
Barrow (M’33); a paper describing an 
electronic control circuit for resistance 
welders by T. S. Gray (M’88) and J. Breyer, 
Jr. (A’38); a paper on cold-cathode gas- 
filled tubes as circuit elements by S. B. 
Ingram (M’38); a paper describing electric 
drives for supercalenders in paper mills by 
R. H. Smith (M’36); a paper describing a 
system of polyphase radiobroadcasting by 
J. F. Byrne (A’32); a paper on a reverse- 
rotation test for the determination of stray- 
load loss in induction machines by T. H. 
Morgan (M’31), W. E. Brown (A’39), and 
A. J. Schumer (A’39); a paper describing 
a 12-channel carrier telephone system for 
open-wire lines by B. W. Kendall (F’29) 
and H, A. Affel (M’23); a paper describing 
a simplified precision resistance-welder con- 
trol by F. H. Roby (A’37); a paper on low- 
gas-pressure cable by G. B. Shanklin (M’29); 
and a paper on progress of a-c arc welding 
by C. J. Holslag (M’19). 


Central and South America, Haiti, Spain, Spanish 


th of the month to be effective with 
ELECTRICAL ENGINEERING is_ indexed 
ted monthly by Science Abstracts (London). 
Number of copies this issue 21,000 
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Designation 
. «Court of Flowers. . 
. . Court of Pacifica.... 
. Cambodian Towers. . 
. Reflecting Pool... 
. Court of the Moon... 
... Tower of the Sun. 


Exposition, marked to locate the settings of the color 
. Elephant Towers.... 


Treasure Island, San Francisco 
A modified cartograph of the Golden Gate International 
pictures that appear on the following pages 
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have been widely used on those 
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Highest intensities and lightest colors 


mental entrances, actually serves as a huge sign 
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PLATE I1. Beginning with a warm amber at the base, the Tower of the Sun chan 
the top. Relief lighting is blue at the base, straw yellow at the belfry, 
Court of Honor is mainly illuminated by this reflected light, althou 


ges gradually to a white of increasing intensity at 
amber at the pinnacle (Figs. 18, 19 and 2 ). The surrounding 
gh 24 decorative street lighting units supplement the design. 


to the early decades of maturity in men, and that 
How- 
ever, whatever of truth there may be in the saying for men 
of moderate capacity, the latter part of it does not appear 


Powe. love to say that brilliant achievements belong 


brilliant attainments thereafter are foregone. 


to be valid for men of unusual creative force. Elihu 
Thomson was one of the latter. His creative mind was 
forging achievements while he was in his early twenties 
and it continued in that manner of activity until near the 
illness which culminated in his death close to the end of 
his eighty-fourth year. Those were some sixty years of 
achievement. His major attention during that long period 
was on electrical engineering. He made an impress on 
that branch of engineering which has been matched by 
very few. 

Doctor Karl T. Compton has called Thomson an Ameri- 
can Faraday; and, indeed, the mental qualities of these 
two men had much in common, although their tastes were 
in contrast. Whatever it is which determines a man’s 
tastes, it is not wholly the environment either of youth or 
of maturity. Some peculiar combination of genes must 
have final influence. Faraday had many opportunities to 
turn from the cloisters of independent research but found 
his fascination in those cloisters. Thomson had oppor- 
tunity to reside in the cloisters, but his fascination lay in 
the applications of science to men’s purposes. Both of 
these great men started in chemistry. Both turned to 
the field of electromagnetism. Faraday made great 
achievements therein, including the signal discovery of 
electromagnetic induction. Thomson was prolific in in- 
ventions embracing the field of electrical engineering, in 
the range from individual devices to the foundations of an 
important special industry. Each turned to other at- 
tractions in science as age came on him. 

Those who are ardent supporters of the influence of en- 
vironment on any man’s life may speculate on the question 
of whether, had Thomson worked in the intellectual and 


JuNE 1939 


Jackson—Elihu Thomson 


Elihu Thomson: Electrical Engineer 


The ‘partially direct and partially indirect but 
ineradicable influence on electrical engineering” 
left by the first Edison Medalist is here surveyed 
by the 1938 recipient of that award. 


DUGALD C. JACKSON 


FELLOW AIEE 


physical surroundings of the first third of the 19th century 
and Faraday in those of the last quarter of that century, 
their roles might have been reversed. However, this ques- 
tion is outside of my sphere here. It is for us to here con- 
sider Thomson’s achievements in electrical engineering as 
they occurred in the last third of the 19th century and the 
first third of the 20th.* 

I have reflected a good deal regarding Thomson’s life 
and I am convinced that he did the things that he did 
because he liked to do them. I believe that Thomson was 
as sensitive to, and enjoyed, appreciation as highly as 
any man. Nevertheless, he did his work, neither for praise, 
nor for honors, nor for wealth, but primarily because it was 
of intellectual fascination to him. That was an ideal atti- 
tude for commencing a great career of creative invention 
when Thomson came into electrical engineering, which 
then was a field mostly covered with thickets of the partly 
known and a jungle of the unknown. Ampere, Faraday, 
and Maxwell had made some clearings with major strokes 
of investigation. Many inventors had followed on, with 
the endeavor to apply the master discoveries to useful 
purposes; but the strokes of most of these inventors were 
feeble. Thomson and a few other giants came in with bold 
strokes. Thomson thereby established for himself a place 
as one of those giants in applied electricity who brought 
to us our modern achievements in the serviceable and com- 
forting uses of electricity and electrical apparatus. 

Born in Manchester, England, in 1853, he was still a 
child when he came to this country with his parents who 


Address delivered at the Thomson memorial meeting of the American Philo- 
sophical Society, Philadelphia, Pa., February 16, 1939. 

Past-president Dugald C. Jackson is professor emeritus of electrical engineering, 
Massachusetts Institute of Technology, Cambridge. Much has appeared in 
recent issues concerning his activities and achievements, including a biographical 
sketch in January (page 50), and an outline of his qualifications for the Edison 
Medal in February (pages 64-6). 

* It is an interesting reflection that Edward Weston, another of the great in- 
ventors whose work is a component part of the foundations of electrical engi- 
neering, also had a background of chemistry, and Charles F. Brush started his 
business life as a chemical expert. 
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settled in Philadelphia. His schooling was in Philadelphia, 
and he graduated from the Central High School in 1870. 
Before the end of that year he was appointed assistant 
professor of chemistry and mechanics in the same school 
and six years later he was made professor. In the mean- 
time he started upon that independent career of investiga- 
tion and invention which is at the center of his fame. 
Edwin J. Houston, nearly nine years older than Thomson, 
in those days was professor of natural philosophy in the 
Central High School and also was active in the affairs of 
the Franklin Institute. His encouragement may have 
been helpful to Thomson. A number of Thomson’s earlier 
patents relating to electric are lighting were jointly 
ascribed to himself and Houston. 

It was at the Central High School that Thomson was 
brought into contact with various experiments of others, 
and he carried on for himself many experiments in the 
laboratories of the school and of the Franklin Institute. 
During this period he made numerous observations that 
were later drafted into inventions of importance in the 
electrical-engineering field. One of his first inventions was 
the dynamo intended to furnish current for electric arc 
lamps, which was built under his supervision in a small 
machine shop on Buttonwood Street and the windings of 
which he made wholly himself. This machine operated 
all right and proved capable of serving nine arc lamps in 
series. The outfit was installed in a basement bakery 
where it had to be operated in an atmosphere of high 
temperature. Thomson himself acted as operating at- 
tendant during a good part of the early period of operation 
of this pioneer installation, and he enjoyed telling the 
story of how he protected himself from heat prostration 
by drinking, somewhat to the horror of his associates, large 
quantities of ice water. This ‘‘bakery machine,” as Pro- 
fessor Thomson called it, is now among the exhibits at the 
National Museum in Washington. 

At that time the Brush arc-light system was in com- 
mercial use, and other inventors in electrical engineering 
were struggling with the problem of suitable dynamos to 
provide arc-light current, but the problems imposed by 
the instability of the carbon arcs proved baffling to these 
inventors and none of them succeeded in those days in 
fully competing with the unique structure invented by 
Charles F. Brush and put out by the Brush Electric Com- 
pany of Cleveland, Ohio. Thomson’s uncanny sense of the 
relative fitness of things and his competency in putting 
together a well-adapted structure resulted in a dynamo 
which proved its capability for the purpose. Later, modi- 
fied and fitted with a Thomson automatic brush-shifting 
regulator and an air-blast device for preventing destruc- 
tive arcs at the commutator, Thomson’s dynamo (shortly 
after 1880) became an important competitor in the arc- 
lighting field. 

Series arc lighting has long ceased to be an important 
commercial factor, while other features of Professor Thom- 
son’s productive endeavors have steadily grown into wide 
influence and use in electrical engineering, but I am per- 
sonally inclined to put forward this invention of the auto- 
matically regulated dynamo for arc-lighting service as a 
most important one for Thomson on account of its in- 
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fluence on his own later work and on the development of | 
his opportunities. 

The invention was made when he was still in his twen- 
ties; the construction and installation of the first machine 
were carried through substantially on his own responsibil- - 
ity except for meager financial aid; and there was drawn 
out from him at this early age an exhibition of those 
qualities of originality, courage, resourcefulness, far- 
sighted thinking, and power in experiment which were to 
prove to be so notably the foundation for his distinguished 
and productive career. It was the arc-lighting work, also, 
which led to the formation in 1880 of the American Elec- 
tric Company with a small factory at New Britain, Conn., 
with the 27-year-old Professor Thomson as chief technical 
spirit; and which eventuated in the company’s transfer 
three years later to Lynn, Mass., where its name became 
the Thomson-Houston Electric Company. At Lynn, Pro- 
fessor Thomson was established under the sympathetic 
and capable financial and executive management of 
Charles A. Coffin, and was happily provided with space 
and funds for a laboratory sufficient to his needs, in which 
to experiment, investigate, and invent. 

He already had found need for automatic means for ex- 
tinguishing the arc that results from the operation of old- 
style lightning arrestors attached to outdoor electric arc- 
lighting circuits and he demonstrated his grasp of princi- 
ples relating to electric currents by inventing the “mag- 
netic blowout.”” Thomson first applied it to lightning ar- 
restors but later also applied it to many other types of 
devices, and now the magnetic blowout has become so 
commonplace an incident in electrical-engineering equip- 
ment that we often forget that Thomson found occasion 
to invent it from the whole cloth which was woven out of 
scientific principles. 

In Thomson’s early days, electrical engineering was a 
wilderness of the unknown or the little known for both 
engineering and science. It has grown to its present great 
structure of engineering interwoven with exact science as 
a consequence of the resourceful intellectual work of Elihu 
Thomson and his peers. Most of the designing and con- 
structing of electrical machines and other apparatus in 
those early days was by rule-of-thumb and by keen appli- 
cation of intelligence to foresee the probable effects of 
modifications; in which latter Thomson held a mastery 
because of his acute powers of observation and his logical 
powers of mind. As his long-time assistant and colleague, 
Edwin W. Rice, Jr., said at Thomson’s eightieth-birthday 
celebration, ‘Throughout his whole career Professor 
Thomson has exhibited an unerring capacity for the selec- 
tion of that process which was soundest and best, and 
simplicity and directness always characterized his de- 
signs.” And again, ‘He seems to possess an intuitive in- 
sight into nature, and her ways; probably because of the 
quickness and accuracy of his perception, combined with 
the depth and range of scientific knowledge, helped by a 
remarkably retentive memory.”’ 

Thomson’s intellectual fertility and the scope of his 
ambition were not of common quality and did not rest 
satisfied with the arc-light situation, although it was his 
initiative and originality which had enabled his company 
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to take a foremost place in that art. Therefore we find 
him at Lynn soon making a mark in the development of 


other aspects of electric lighting, and of collateral branches 
in the electrical-engineering field. He found it irksome to 
lack reliable electrical measuring instruments and he de- 
signed his own instruments, with the result that he soon 
had reasonably accurate standards of resistance and rea- 
sonably accurate devices for measuring electric current, 
voltage, and power. In a short time, his company was 
manufacturing electrical measuring instruments to go 
along with its electric-lighting apparatus. 

Incandescent lighting with the lamps in parallel on low- 
voltage circuits, with which we now are so familiar, was 
coming gradually into a place of importance, but there 
was no convenient and reliable form of integrating watt- 
meter to record the consumers’ consumptions of watt- 
hours. Edison had produced a form of meter which re- 
corded by electrolytic deposition, but that type was only 
serviceable in localities where a moderate chemical labora- 
tory equipped with accurate weighing balances could be 
set up, and at the best was inconvenient and not very 
satisfactory. The problem was pressed on Professor 
Thomson’s attention to the point of weariness until, by 
1889, he had produced the typical standard integrating 
wattmeter that for so long has been known as the Thomson 
integrating wattmeter for direct currents, although it also 
is available for alternating currents. This was another 
pioneer milestone in the direction of the development of 
electrical engineering. Thomson’s later inventions of 
integrating meters intended exclusively for alternating 
currents also came into importance. Along with the main 
conception of the first Thomson integrating meter went 
several lesser features, like the silver contacts at the com- 
mutator, which contributed to its perfection when in use. 

That d-c integrating wattmeter was born when many 
people were crying for reliable customers’ watt-hour meters 
and some were trying to produce a satisfactory embodi- 
ment. But until Thomson directed his mind to the prob- 
lem, none had succeeded in visualizing the mechanical 
arrangement of parts or the electrical association of circuits 
that would give the desired result. Again Thomson’s 
capable grasp of the principles of electromagnetism and of 
electric circuits as far as then known and his straight- 
forward mental processes gave him the specific conception 
which produced the result when embodied as a physical 
device. As in the case of the magnetic-blowout device, it 
has seemed to me that a formulation of the scientific con- 
ception which steps aside from known arrangements, 
rather than an arrangement of parts, constituted the in- 
vention. Possessing the scientific conception, it was easy 
to form and interrelate the physical parts needed to produce 
an embodiment. This aspect of the process of inventing 
partakes of the qualities of scientific discovery in addition 
to the conventional qualities usually ascribed to invention, 
and it is of a much higher order than the character of in- 
vention which is satisfied with usefully modifying arrange- 
ments of parts. Thomson’s life shone continuously with 
the light of this higher order of scientific discovery and 
invention. 

The patent for Thomson’s integrating wattmeter was 
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declared invalid in England for lack of invention by a 
judge following the advice of an expert who testified that, 
possessing a “‘tip’’ which was already in the art, he would 
have known how to produce the meter. It has always 
seemed to me that the invalidating decision was an error. 
The expert, an electrical engineer, was a very experienced 
and capable experimenter, designer, and inventor, far 
above the level of a man “ordinarily skilled in the art’ at 
the time of Thomson’s distinguished conception, and 
granting that his statement before the court was correct, 
it is reasonable to believe that (thinking after the event) 
he underestimated the intellectual effort required for the 
conception, which lifted it far above the mental caliber of 
“one ordinarily skilled.” This is an illustration of the 
embarrassment which we all experience when trying to 
understand past relations and the significance of former 
achievements, because we have difficulty in laying aside 
knowledge and prejudices gained from our present-day 
life. Similar difficulties beset and mislead many people 
when they essay to appraise achievements in other fields 
compared with those in the field of their own endeavor. 

Electrically operated contact devices and all sorts of 
ancillary devices for the electrical-engineering field also 
came out of Thomson’s laboratory in those days. But he 
was early in reaching correct concepts regarding the de- 
signing of dynamos and he already had become immersed 
in the problems of designing and manufacturing genera- 
tors and motors for use in the commercial production and 
distribution of electric power. Mr. Edison, that great 
leader in the invention of electric lamps and electric-power 
distribution arrangements, held definitely to direct cur- 
rents; but Thomson (along with others) came to the early 
realization that alternating currents could be made very 
serviceable, provided safe means of distributing the cur- 
rents generated at high voltage could be visualized. In- 
deed, while still in Philadelphia, Thomson demonstrated 
the reversibility of the Ruhmkorff induction coil, which ap- 
parently satisfied him of the practicability of using trans- 
formers with a-c circuits, and an early patent was issued 
to him for an electrical distribution system using trans- 
formers in parallel on the circuits. 

However, the safety to customers whose premises might 
through a fault be invaded by current directly from high- 
voltage a-c circuits, even when the voltage normally on 
any customer’s premises had been reduced to a moderate 
figure by means of a transformer, gave Thomson much 
concern and thought. He became a foremost early pro- 
ponent of the practice of metallically grounding the sec- 
ondary or low-voltage circuits leading from a transformer, 
which is a practice that is still generally followed. He also 
invented a device for automatically protecting the circuits 
in case of failure in the insulation of the high-voltage wind- 
ing of a transformer. 

His mind continually ranged over the field of electrical 
applications and he constantly produced improvements. 
These seem often to have been the result of brilliant 
thoughts which led to arrangements so simple and at the 
same time so effective, when the thoughts had been ap- 
plied in physical embodiments, that no one without prior 
knowledge thinks of the intellectual effort that was neces- 
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sary to be exercised in order to accomplish the ends. He 
introduced the reactor as a controlling device for a-c cir- 
cuits. He perfected series arc-lighting practice for a-c cir- 
cuits byinventing the automatic self-regulating transformer 
to convert alternating currents of constant voltage into 
alternating currents of constant amperes. He early pro- 
posed the use of oil filling for transformer cases, to provide 
dielectric support for the solid insulation in a manner 
which we still follow. He went into fruitful experiments 
with high-frequency electric currents; other experiments 
in the X-ray art when the knowledge of X rays was new 
and obscure; and experiments relating to electric resist- 
ance furnaces; all guided by that intellectual perception 
of scientific interrelations, and of measures of logical rea- 
soning, on which I have previously commented. Professor 
Thomson’s own notable résumé of his long life of experi- 
ment, discovery, and invention 
is to be found in the 50th 
Anniversary number of ELEc- 
TRICAL ENGINEERING, pub- 
lished by the AIEE, May 
1934. I will not continue 
with a general enumeration 
but will turn to just two more 
of his contributions of physical 
nature. 

In connection with alter- 
nating currents he pursued a 
fascinating thread of pio- 
neering experiments with the 
repulsions produced by cer- 
tain arrangements of a-c cir- 
cuits. His paper presented to 
the AIEE in May 1887, en- 
titled ‘‘Novel Phenomena 
of Alternating Currents,” 
brought world attention to 
these features of a-c circuits. 
The phenomena to which he 
thus called attention, and 
some applications which he 
himself made, are now used 
in innumerable _ electrical- 
engineering devices. The path of development is too 
wide for me to trace here, but this is another instance 
in which Professor Thomson left a partially direct and 
partially indirect but ineradicable influence on electrical 
engineering. 

In electric welding by the resistance process, he made 
the original discovery in Philadelphia in 1877, and this led 
to a series of inventions beginning in 1886 which, together 
with the De Meritens arc-welding inventions owned for 
this country by his company, have been the foundations 
of a notably useful special industry of widespread ap- 
plication.* (The first electric welding transformer, built 
in 1886, is pictured with the inventor on page 251.) 


* In recent testimony before the Temporary National Economic Commission 
Hon. Conway P. Coe, U.S. Commissioner of Patents, included the eG eymvaricll 
Thomson welding patent among 16 fundamental patents which he selected to 
illustrate the great influence of patented inventions on the origination and 
development of important new industries. 
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Elihu Thomson with his former pupil and associate, 

E. W. Rice, Jr., who at the time of his death was 

honorary chairman of the board, General Electric 
Company 
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Thomson possessed from his early days a sense of the 
desirability of standardization where standardization is 
desirable, and also of the desirability of improvement and 
the introduction of essentially new objectives where change 
is desirable. His intellectual balance held eminently good 
between these two tendencies. When the International 
Electrical Congress and its International Chamber of Dele- 
gates were convened in St. Louis in 1904, Professor Thom- 
son was the president. Out of this meeting there arose 
the International Electrotechnical Commission with Lord 
Kelvin its first president and Professor Mascart its second 
president. Professor Thomson was its third president, 
holding a term from 1908 to 1911. He thereafter always 
maintained an active interest in the affairs of this organi- 
zation and exerted a steadying influence on the complex 
affairs of international standardization in the field of ap- 
plied electricity. 

I cannot leave my topic 
without tracing briefly Thom- 
son’s effect on electrical en- 
gineering through the young 
men who came under his in- 
fluence directly, and through 
his own relations with formal 
electrical-engineering educa- 
tion. His title of professor 
came from the Central High 
School of this city of Phila- 
delphia. One of the first young 
men whom he had associated 
with him in business was E. 
W. Rice, Jr., who was first 
a loyally admiring student of 
Thomson and then, becoming 
his assistant in New Britain, 
participated jointly with 
Thomson in some of his in- 
ventions. Rice, who rose to 
very high place in electrical 
engineering, was throughout 
his life always insistent on 
his obligation to Thomson 
and on his wealth of fortune 
from having been closely associated with his professor. 

I have known many others who came into association 
with Professor Thomson as assistants in the Company’s 
early laboratory at Lynn. Most of them, like Professor 
Thomson and his old student and colleague Rice, have 
gone to their great reward and cannot give us their own 
testimony, but I can say for them how extraordinary was 
the unanimity of their sense of the intellectual welfare that 
they derived from their relations with Thomson. Many 
of these men became contributors of importance in the 
progress of electrical engineering. 

As the affairs of the company became more widespread, 
Thomson was no longer so intimate with the personnel, but 
among the younger men who came into intimacy with him 
and are active contributors in electrical engineering, there 
appear the same expressions of gratitude for their contacts 
with Thomson as an advisor and mentor. 
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; Professor Thomson throughout his life continued his 
Interest in the formal processes of education. During 
more than 40 years he was an active figure in the affairs 
of the Massachusetts Institute of Technology. He was a 
non-resident member of the electrical-engineering staff 
from 1894 to the time of his death, and from time to time 
lectured on some special topic in electrical engineering, 
besides frequently holding membership in or the chair- 
manship of the MIT visiting committee for the electrical- 
engineering department, and holding membership in the 
joint committee from MIT and the General Electric Com- 
pany which was responsible for establishing the co-opera- 
tive course in electrical engineering at MIT. He was a 
busy man, but he took a lively interest in these electrical- 
engineering activities at MIT, which were in addition to 
his close relations to the institution as a member of its 
corporation and for a period its acting president. He also 
cheerfully gave of his time and thought as a visitor or ad- 
visor to other educational institutions. 

I have not attempted to enumerate in full the achieve- 


ments of Professor Thomson in electrical engineering and 
I have spoken little of the honors which came to him in 
that field; nor have I referred to his lively interest in other 
scientific fields. Rather have I endeavored to convey to 
you in a broad way the impress which his works have made 
in electrical engineering and to give an appreciation of the 
intellectual quality which underlay all of his important 
engineering affairs. If I have succeeded in this attempt 
you will have realization of why the electrical engineers of 
this country gladly conferred on Professor Thomson the 
highest honors that are within their powers collectively to 
bestow: President of the AIEE, Honorary Member 
thereof, the first conferred Edison Medal, the jointly 
awarded John Fritz Medal; besides yielding to him their 
affectionate and friendly admiration. American electrical 
engineering thus has crowned Thomson formally with its 
best laurels in recognition of his great and permanent 
contributions to the advancement of its art. A like atti- 
tude of recognition for his works stands out among the 
electrical engineers of nations abroad. 
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Measurement of noise levels in a wide variety of locations 
provides data that are valuable in the design of telephone plant 


received over a telephone connection depends on the 

room noise at the point of reception as well as on the 
physical elements comprising the telephone circuit, a 
knowledge of room-noise conditions at telephone locations 
is of considerable interest to the telephone engineer. Asa 
consequence, measurements of room noise have been made 
from time to time by the Bell System. The earliest 
measurements, which were made at relatively few loca- 
tions, were based on subjective methods. 

In 1929, a survey of room noise was carried out by the 
National Electric Light Association and the American 
Telephone and Telegraph Company in the course of the 
work of their Joint Subcommittee on Development and 
Research. While this survey, covering some 250 locations, 
was considerably broader than any previously made, it was 
confined largely to the territory in and around New York 


S = the degree of satisfaction with which speech is 


Report presented at the conference on sound, AIEE winter convention, New 
York, N. Y., January 23, 1939. 

D. F. Seacord is an engineer for the Bell Telephone Laboratories, New York, 
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City. An early type of objective meter was used 
in addition to subjective methods. Further objec- 
tive measurements, using measuring equipment meeting 
the present specifications of the American Standards As- 
sociation for sound-level meters, were made during 1936 
and 1937 at over 600 locations in four cities, in connec- 
tion with field tests of the new telephone sets. 

Late in 1937, the Bell Telephone Laboratories, in 
conjunction with several of the associated telephone com- 
panies, commenced a still broader survey of room noise. 
This survey has covered a wide range of different types of 
locations in various types of areas ranging from rural to 
congested city districts in and around various major cities. 
Measurements were made under winter conditions at about 
900 locations in and around Chicago and Philadelphia; 
these data were supplemented by summer measurements 
at about 500 of these locations. In addition, further data 
were obtained under summer conditions at about 800 
locations in the territory in and around Cleveland and New 
York, including, in the latter area, nearby locations in 
New Jersey. 
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Although analysis of the measurements made at the 
total of some 2,200 locations during the latest survey has 
not yet been completed, some of the results of the pre- 
liminary analysis may be of interest, particularly with 
regard to the average and range of room-noise values 
measured at various types of locations. The results of 
the measurements made during the winter in the Chicago 
and Philadelphia areas, which have been analyzed in con- 
siderable detail, are used as the basis of this article. With 
regard to the difference between summer and winter room 
noise, comparisons between the measurements made at 
identical locations under summer and winter conditions 
in the Chicago and Philadelphia areas indicated, on the 
average, an increase in room noise of the order of two to 
three decibels for the summer condition, although there is, 
of course, considerable range in the differences obtained at 
individual locations. 

The measuring equipment, including a 40-decibel loud- 
ness-weighting network, conformed to the specifications 
described in the ASA ‘Tentative Standards for Sound 
Level Meters” (Z 24.3-1936). The microphones used were 
of the moving-coil type, and the meters used read sound 
level in decibels above reference sound level, that is, 10~'® 
watt per square centimeter at 1,000 cycles in a free pro- 
gressive wave. 

In both the Pennsylvania and Illinois surveys typical 
areas were selected covering the range from congested 
city districts to rural districts. In any particular area the 
judgment of the engineer on the job was relied upon to ob- 
tain representative locations, which ranged from factories 
and large stores and offices to small detached residences. 
At each location 50 instantaneous readings, 25 by each 
member of a two-man crew, were made of the noise as in- 
dicated by the sound-level meter at approximately five- 
second intervals. The average of the 50 readings is taken 
as the average noise and the concentration of the individual 
values near the average (that is, the standard deviation) 
is computed as a measure of the variability of the data. 
It is obviously impractical to obtain sufficient data for 
each type of location in each area to define rigorously the 
room noise at such locations; sufficient data were obtained, 
however, so that by combining similar types of locations 
in the various areas, noise values considered sufficiently 
accurate for engineering purposes were secured. 
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Since room noise is a highly variable quantity, it is neces- 
sary to express the results of room-noise measurements in 
such a way that both the average value and the degree of 
variation involved are described. This may be done — 
graphically by means of distribution curves as illustrated in 
figure 1. The scale used in this figure, which is known as 
an arithmetic probability scale, is such that cumulative 
normal distribution curves appear as straight lines. The 
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Figure 2. Room noise by types of locations (combined data 
from Pennsylvania and Illinois winter surveys) 


data used for this illustration are based on measurements 
of room noise at 36 medium-sized offices (from three to 
ten desks). Curve A in figure 1 represents the distribution 
of the 50 individual readings taken at a single typical 
location; for a normal distribution the average value cor- 
responds to the 50-per-cent point of the vertical scale. 
Similar average values were obtained for each of the 36 
locations of this type, and the distribution of these average 
values is given by curve B. 

Curves of the types shown on figure 1 may be expressed 
numerically in terms of the average value and a value 
known as the standard deviation, the latter term being a 
measure of the spread of a distribution such that approxi- 
mately 68 per cent of the items have values within the 
range of plus and minus one standard deviation from the 
average value. Figure 1 shows that since the character of 
the noise varies considerably from one location to another, 
the standard deviations will accordingly vary and cover 
the range from locations where the noise is fairly constant 
(low value for the standard deviation) to locations where 
the noise is highly variable (high value for the standard de- 
viation). The distribution of the standard deviations for 
the 36 locations is shown as curve C. Curve D represents 
the distribution of the 1,800 individual readings (50 at each 
of 36 locations) and includes, in addition to the variation 
between the 36 average values indicated by curve B, the 
variation in the readings at each location. The relation 
between the standard deviation of the over-all distribution 
(curve D) and the separate standard deviations indicated 
on figure 1 is given by the formula 
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ELECTRICAL ENGINEERING 


individual readings available for each location, the data 


_ have been combined, using the methods illustrated by the 


preceding discussion, to include results at a given type of 
location for all the areas measured in both the Pennsyl- 
vania and Illinois surveys. The results of such a combina- 
tion of data are shown in figure 2, which covers 852 loca- 
tions, of 14 types (11 business and 3 residence) for which 
data were obtained at a minimum of 20 locations per type. 


—— KEY TO TYPES OF LOCATIONS — 
| DETACHED HOUSE S SMALL STORE 10 MEDIUM 
STORE 
2 A OIMENTS AND 6 FILLING STATION 11 LARGE OFFICE 
7 GARAGE 12 LARGE STORE 
8 MEDIUM OFFICE 13. FACTORY OFFICE 
9 RESTAURANT 14 FACTORY 
3 


3 MULTI-FAMILY 
HOUSE 


4 SMALL OFFICE 


CUMULATIVE PER CENT OF LOCATIONS 


30 35 40° 45 sO 55 6 
SOUND LEVEL IN 


oO 65 
DECIBELS 


Figure 3. Distributions of room noise at 14 types of loca- 
tions (combined data from Pennsylvania and Illinois winter 
surveys) 


The height of the bars shown in this figure represents the 
average value of room noise for the number of locations 
indicated in the bar, and the single line extension above 
and below the top of the bar represents the range covered 
by plus and minus one standard deviation. The numbers 
shown represent the number of locations of each type 
measured and are not to be taken as representative of the 
relative distribution of such types of locations in the plant, 
as in some cases, such as factories and factory offices, for 
example, a relatively large number of locations were meas- 
ured because of the wide variation in conditions. 

The data shown in figure 2 are also shown in the form of 
cumulative distribution curves on figure 3. In this case 
arithmetic probability paper is used, on which straight 
lines represent cumulative normal distribution curves. 
The lines shown represent the normal curves which fit the 
data as obtained from the computed averages and standard 
deviations, and are distributions of the type indicated by 
curve B on figure 1. It is obvious that the data may be 
segregated into three reasonably distinct groups covering 
residence locations, business locations (including factory 
offices but excluding factories), and factories. 

Distribution curves of the data combined on this basis 
are shown on figure 4. The data used for these curves are 
slightly different from those included in figures 2 and 3 
in that they include seven types of business locations (a 
total of 48 locations) having less than 20 locations per 
type, and for residence locations exclude data taken where 
radios were in operation. Exclusion of the few instances 
of the latter reduced the average room noise at residence 
locations by about one decibel. In figure 4 the data for 
each of the three classes (residence, business, and factory) 
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are plotted separately for the results of the Pennsylvania 
and Illinois surveys in five-decibel steps. In each case 
the points shown indicate the cumulative percentage of 
locations having measured average noise values less than 
the values given; the straight lines are normal distribu- 
tions which the actual distributions approximate. These 
curves, incidentally, closely check the normal distribution 
curves which would be obtained from the computed aver- 
ages and standard deviations of the data. For residence 
and also for business data, a single curve represents closely 
the distributions obtained from both Pennsylvania and 
Mlinois. The Pennsylvania factory-noise data, however, 
is materially higher than the corresponding Illinois data, 
possibly because of different types of manufacturing 
establishments in the random selection of locations in the 
two states. 

In summarizing the results of the survey of room noise 
at telephone locations, it is desirable to emphasize again 
the variable nature of room noise. For example, the av- 
erage noise values typical of different types of locations vary 
from about 40 decibels at residential locations to about 
80 decibels at factories. Moreover, for a particular type of 
location the noise is by no means constant from one loca- 
tion to another; five per cent of the residences had average 
noise levels about 50 decibels, while another five per cent 
were lower than about 30 decibels, indicating a total range 
of over 20 decibels. The noise at some residences ap- 
proaches in magnitude the average noise at business loca- 
tions and the noise at some business locations approaches 
in magnitude the average noise in factories. The noise 
data obtained in these surveys are being used as a basis 
for devising methods that will reflect more accurately 
the effects of room noise in the design of telephone plant. 
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Figure 4. Comparison of the results of Pennsylvania and 
Illinois winter surveys on distribution of room noise in resi- 
dence, business, and factory locations 


207 


“For Notable Scientific and Industrial Achievement 


in Electrical Engineering’ ’ 


1938 Faraday Medal of The Institution of Electrical Engineers, Great Britain, 
presented to W. D. Coolidge at AIEE North Eastern District meeting 


HE FARADAY MEDAL, awarded for 1938 to 

W. D. Coolidge (A’10, M’24), was presented at the 

AIEE North Eastern District meeting, Springfield, 
Mass., May 4, 1939, by Gano Dunn (A’91, F’12) honorary 
secretary for the United States of The Institution of Elec- 
trical Engineers of Great Britain. The award was con- 
ferred by the council of the IEE at its meeting on January 
16, 1939. 

Highest honor of the IEE, the Faraday Medal was es- 
tablished in 1921 to commemorate the 50th anniversary 
of the society’s first ordinary meeting. It is awarded not 
oftener than once a year for notable scientific or industrial 
achievement in electrical engineering or conspicuous serv- 
ice rendered to the advancement of electrical science, 
without restriction as to nationality, country of resi- 
dence, or membership in the society. Seventeenth 
recipient of the award, Doctor Coolidge is the third Ameri- 
can to receive it, the others being AIEE Past-Presidents 
Elihu Thomson and F. B. Jewett. Nine of the 17 
recipients have been members of the AIEE. 

W. D. Coolidge is director of the research laboratories 
of the General Electric Company, Schenectady, N. Y., 
and one of the world’s foremost X-ray scientists. A bio- 
graphical sketch of him appeared in the March issue (page 
137). Full texts of the presentation address by Doctor 
Dunn and Doctor Coolidge’s speech of acceptance follow. 


Careers of Faraday and Coolidge 
GANO DUNN, Fellow AIEE 


It is unusual, and it increases the honor, when a medal 
comes to an American from the other side of the Atlantic, 
for that is evidence of a fame broader than our own na- 
tional boundaries. 

And to a British honor, there is a peculiar character that 
enhances its value, on account of our common background 
of political and scientific history, and community of lan- 
guage. 

As the local honorary secretary for the United States 
of America of The Institution of Electrical Engineers of 
Great Britain, I am authorized by the president and coun- 
cil of the Institution to present the Faraday Medal to 
Doctor William David Coolidge of Schenectady, N. Y., 
in consummation of the award made to him on January 16, 
1939, for notable scientific and industrial achievement 
in electrical engineering. 

The Faraday Medal has previously been given to 
only two Americans, Elihu Thomson and Frank B. Jewett. 
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It is a medal founded in 1921 to commemorate the 50th 
Anniversary of The Institution of Electrical Engineers, 
the first ordinary meeting of which, under the name of the 
Society of Telegraph Engineers, was held in 1871, ante- 
dating the AIEE by 13 years. 

The Institution of Electrical Engineers has nearly 18,000 
members, a considerable number of whom are scattered 
over the earth throughout the British Dominions. The 
Faraday Medal is their principal honor, as is the Edison 
Medal in the AIEE. 

‘In naming it after Michael Faraday, they chose a figure 
not only high in the world’s record of great achievements, 
but high in the affections of scientists and engineers the 
world over; on this account the award is without restric- 
tions as regards nationality, country of residence, or 
membership in the Institution. 


Fascination of Faraday’s Life 


To every scientist and engineer, there is a fascination 
in the career of the blacksmith’s son apprenticed to a 
bookbinder, who devoted every moment of his precious 
leisure to watching the demonstrations of Sir Humphrey 
Davy from the gallery of the Royal Institution of London, 
in which, after becoming Sir Humphrey’s assistant and 
then lecturer, he became resident professor, and put the 
whole world in his debt by his marvelous discoveries. 

Faraday is of the type of genius, geometrical rather 
than mathematical. He asked questions of Nature in 
the form of experimental presentations devised in the 
assumption of brilliant working hypotheses, with a flair 
and a genius for the suspicion of truth long before it be- 
came evident. His world was objective and his processes 
intuitive. 

He was the first to infer and later to prove a connec- 
tion between magnetism and light, and to draw attention 
to the medium as the seat of phenomena, and he was the 
first to infer and later to demonstrate not only electro- 
magnetic induction but the possibility of generating elec- 
tricity from mechanical motion, a discovery on which de- 
pends not only the whole power and light industry of to- 
day, but so many others that if the discovery were re- 
moved, civilization would stop. 

A deeply religious man, he left in his character a record 
as laudable as in his work. I cite these meager facts 
about Faraday to indicate why The Institution of Elec- 
trical Engineers selected him as the exemplar for their 
principal honor, and why that honor is the highest in their 
gift to give. 

There is for Americans an association with Faraday of 
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which they are proud. It gives to 
the advent of a Faraday Medal in 
the United States a measure of 
sentiment, for it is in part to a 
distinguished American scientist 
and administrator that the Royal 
Institution, which gave Faraday 
his opportunity and his platform, 
owes its existence. 

That American was Benjamin 
Thompson of Rumford Falls, N. H. 
A member of the Royal Society, he 
was one of the promoters of the 
Royal Institution. When ennobled 
by the Emperor of Austria, he 
chose the title Count Rumford, 
under which his experimental deter- 
mination of the mechanical equiva- 


1922 
1923 
1924 
1925 
1926 
1927 
1928 
1929 
19380 
19381 
1932 
1933 
1934 
1935 
19386 
1937 
1938 
* AIEE member 


The Roster of Faraday Medalists 


Oliver Heaviside* 

Sir Charles A. Parsons 

S. Z. de Ferranti* 

Sir J. J. Thomson 
Colonel R. E. B. Crompton 
Elihu Thomson* 

Sir J. A. Fleming 

Guido Semenza* 

Lord Rutherford 

C. H. Merz* 

Sir Oliver Lodge 

Sir Frank E. Smith 

F. B. Jewett* 

Sir William Henry Bragg 
André Blondel* 

Sir John Snell* 

W. D. Coolidge* 


In 1917 Doctor Coolidge brought 
out a complete portable X-ray 
generating outfit for military service 
in the field. This included a spe- 
cially developed radiator-type tube 
of large heat capacity which was des- 
tined to supplant the earlier type 
of hot-cathode tube for all diagnos- 
tic work. 

In 1924 Doctor Coolidge finished 
developing his oil-immersed self- 
contained X-ray outfits, which 
could be safely manipulated with- 
out expert technique, and which 
had many applications in dentistry, 
in physical laboratories generally, 
and in industry. 

In 1928 Doctor Coolidge deter- 


lent of heat and much other valu- 
able scientific work is known. 

Benjamin Thompson’s part in the founding of the 
Royal Institution has always been associated in my mind 
with a reciprocal remarkable gesture of large generosity 
by a distinguished British scientist, James Smithson, 
who willed his whole fortune, which was delivered over 
here in gold coin, to the President of the United States, 
and certain other officers of the United States Government, 
eternally to found the great Smithsonian Institution in 
Washington. 

If we are told about the essayist on the life of the Duke 
of Wellington who gave three-quarters of his space to the 
great military genius of Napoleon, we must bear in mind 
that he did it in order the better to display the Duke of 
Wellington as the world’s greatest victor’s victor. This is 
my motive in describing at this length the prestige and 
honor that lie behind the Faraday Medal. 


Medalist Coolidge’s Achievements 


It has been awarded to our William David Coolidge 
of the AIEE (and of so many other scientific and engi- 
neering organizations that it is difficult to enumerate them) 
because of the trail he blazed in the virgin territory of the 
Roentgen rays (by which name the British still designate 
what we call X rays) and because of his later great work 
in that and other fields. 

Doctor Coolidge experimented with tungsten for in- 
candescent-lamp filaments and devised the amalgam proc- 
ess for making such filaments. 

As far back as 1912 and 1913, he used the results of 
investigations of Doctor Langmuir in electron emission 
from hot filaments and produced the Coolidge X-ray 
tube, which gave complete control of the intensity and 
penetrating power of the rays, continuous operation 
without change in intensity, and complete absence of 
fluorescence of the glass. This tube accommodated 
voltages up to 200,000 volts, with a corresponding inten- 
sity of the rays, and a capacity for revealing new knowl- 
edge in widely scattered fields, in which these high volt- 
ages were employed for research. 
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mined and explained the cold-cath- 
ode effect which limits the voltage 
that can be used on a given tube. For high voltages he 
developed a subdivided tube with intermediate tubular 
electrodes which accelerate the electrons at each stage, 
so giving an extremely high electron speed for bombard- 
ment of the final electrode. He predicted the use of this 
type of tube working on 2,000,000 volts, which would 
produce X rays as penetrating as the shortest wave-length 
gamma rays from radium. 

In 1932 Doctor Coolidge presented a remarkable paper 
at the International Electrical Congress of Paris which 
put forward the results of his experiments on the ‘“‘Be- 
havior of Cathode Rays Outside the Generating Tube.” 


Recognition Awarded Coolidge 


But these are not all his accomplishments. As assistant 
to Doctor Willis R. Whitney and later as director of re- 
search of the General Electric laboratory at Schenectady, 
N. Y., Doctor Coolidge’s work in many fields, including 
that of ductile tungsten, has been outstanding. It has 
been recognized by the Edison Medal of the AIEE for 
his contributions to the incandescent electric-lighting 
and the X-ray arts, and by numerous other medals; in 1914 
the Rumford Medal; in 1926 the Howard N. Potts 
Medal of the Franklin Institute of Pennsylvania and the 
Louis Edward Levy Gold Medal; in 1927 the Hughes 
Medal of the Royal Society of London, and the gold medal 
of the American College of Radiology; in 1932 the Wash- 
ington Award of the Western Society of Engineers, and in 
1937 the John Scott Medal and Award. 

In addition to memberships in numerous scientific socie- 
ties, he is an honorary member of the Roentgen Ray So- 
ciety, the American Radium Society, the Radiological 
Society of North America, the American College of Radi- 
ology, the Roentgen Society (of England), the Société 
de Radiologie Médicale (of France), Nordisk Forening for 
Medicinisk Radiologi (of Scandanavia); and in 1927 he 
was awarded honorary degrees of doctor of science by 
Union College and by Lehigh University. 

The Faraday Medal is like the laurel wreath of the 
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Greeks. It is of bronze rather than of gold, because it 
was particularly desired that there should be no suggestion 
of intrinsic value in the medal itself, but that it rather 
should owe its value, first, to the fact that it was instituted 
to commemorate the foundation of The Institution of 
Electrical Engineers, and, second, that it is offered for 
world-wide service to electrical science and electrical 
engineering. 

In bestowing upon Doctor Coolidge the Faraday Medal, 
The Institution of Electrical Engineers is placing his name 
in a roster made illustrious by world-known names, to 
which roll of honor his name is a worthy addition. 


Modern Developments From Faraday’s 
Work 


W. D. COOLIDGE, Member AIEE 


I was sorry not to be able to go to England to receive this 
great honor directly from The Institution of Electrical 
Engineers. In some ways, however, it is not unfitting that 
I receive it through the kindly auspices of the AIEE, of 
which I have long been a member. Nor is it unfitting that 
I receive it in Springfield, Mass., for there are many fac- 
tors connecting this locality with the event. 

Benjamin Thompson was born in Woburn, Mass., only 
86 miles from here, and he it was who, in 1796, formulated 
a plan which later resulted in the establishment of the 
Royal Institution in which Michael Faraday found the 
opportunity for his work. 

Only a hundred miles west of here, in Albany, N. Y., 
another pioneer, Joseph Henry, carried out his early 
experiments in electromagnetic induction. 

Professor Elihu Thomson, an earlier F araday Medalist, 
spent many of the most productive years of his life in Lynn, 
Mass., only a hundred miles east of here. He was one of 
the most prolific of the pioneers in applying to the genera- 
tion, utilization, and measurement of the electric current 
the principles of electromagnetic induction established by 
Faraday. Furthermore, 
T am sure it was Professor 
Thomson’s influence, 
more than that of any 
other, upon his one-time 
pupil, later assistant, 
and, still later, chief, 
Doctor E. W. Rice, which 
was responsible for the 
foundation and active 
support of our Research 
Laboratory. 

Finally, as one more 
factor connecting this 
locality with this event, 
my own birthplace is only 
a little over fifty miles 
from here. 

But, if the location 
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Faraday Medal being presented to Doctor Coolidge by 
IEE Honorary Secretary Dunn 
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suggests geographical relations, the occasion emphasizes 
their unimportance. This award by a British institution 
to an American is one more bit of evidence of the fact 
that science knows no national boundary lines. : 


Tribute to Laboratory Associates 


It is in a spirit of deep humility, so far as my own con- 
tribution is concerned, that I accept the honor conferred 
upon me by The Institution of Electrical Engineers in 
giving me this medal and adding my name to the illus- 
trious group of Faraday Medalists who have preceded me. 
I must accept it not as a personal tribute but rather as a 
tribute to a splendid group of workers of which, for 33 
years, I have been so fortunate as to be a member. 

That group was organized by Doctor Willis R. Whitney. 
By precept and example, he succeeded in bringing about 
such close co-operation that it is difficult, if not impossible, 
for me or any other member of that group to point to any 
development brought to anything like full fruition, which 
he could call exclusively his own. I take this opportunity 
to acknowledge the inspiration and generous help which 
I have received from Doctor Whitney and from my 
associates. 


The Electrical Industry’s Debt to Faraday 


And also I feel that I truly owe an acknowledgment 
to Michael Faraday, for his fundamental researches 
were an effective stimulus to the conception of our labora- 
tory. Not only can the origin of many General Electric 
products be traced directly to his work—such as our 
generators and transformers, which are the engineering 
derivatives of his classic discovery of electromagnetic 
induction—but, since economic generation and distribu- 
tion of electric power have made possible the develop- 
ment of our great electrical industry, it may truly be 
said that our company owes its existence, as part of that 
industry, to Faraday’s experiments. 

It was the clear recognition of that fact by Doctor E. W. 
Rice and his associates that led to the foundation of our 
laboratory, in the hope, 
as Doctor Rice expressed 
it, that it might result 
in the establishment of 
new facts and principles 
which could serve as the 
basis for new things to 
be made in our factories. 

As one studies Fara- 
day’s work, one is im- 
pressed, first, by the 
magnitude and diversity 
of the contributions he 
made to science, and 
second, by the simple 
equipment with which he 
achieved such epoch- 
making results. When 
Helmholtz visited him 
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toward the close of his life and inspected his laboratory, 
he wrote in astonishment about the few pieces of copper 
wire and iron bars which had sufficed for the most far- 
reaching discoveries. 

I think that the director of any modern research labora- 
tory would hate to compare the output of his laboratory 
per dollar spent for either equipment or salaries with 
that of Faraday’s laboratory in the Royal Institution. 
He would need several excuses. In the first place he 
would point out that he had not been able to find many 
young Faradays for his staff, and in the second place 
that much of the fundamental research work of today 
calls for complex and expensive equipment. 

Such is the inevitable result of progress in research, 
In pioneering in a new field, 
simple tools may suffice, but, 
with the fundamental princi- 
ples discovered, further work 
demands highly specialized fa- 
cilities, for refined measure- 
ment, tests under extreme 
conditions, and development 
of special applications. 


Extensions of 
Faraday’s Research 


This might be illustrated by 
many examples, taken from 
our recent work, of extensions 
of research along trails first 
opened by Faraday. 

He recognized the need, in 
electromagnetic apparatus, of 
copper, insulation, and iron. 
With reference to the first of 
these, we have found it neces- 


Research on transformer steel has been carried on con- 
tinuously ever since our laboratory was started, and, as a 
result, magnetic losses have been reduced to less than 
one-fourth of what they were. Recent work has shown 
that, through the best amount of cold rolling, long narrow 
strips of steel may be produced having maximum perme- 
ability in the direction of their length, and that these, when 
preformed and annealed, can be wound around the pri- 
mary and secondary coils to form the core of a transformer 
which for the same electrical performance is better me- 
chanically, calls for less hand labor, and is some 40 per cent 
lighter in weight than its predecessors. 

Faraday made many ferrous alloys and studied their 
physical properties. As ferrous alloys stronger at high 
temperature would make pos- 
sible the attainment of higher 
economies in power production 
with both the steam and mer- 
cury processes, we are making 
many experimental alloy steels 
and testing them under sus- 
tained load at elevated tem- 
peratures. In this work spe- 
cial attention is paid to creep 
rate and to the determination 
of the equicohesive tempera- 
ture range. 

Some of our steel work has 
been in search of alloys having 
the same heat expansion as 
special glasses, to permit their 
being sealed together for the 
construction of vacuum tubes 
of various kinds and for other 
uses. 

Much of our alloy work, 
both ferrous and non-ferrous, 


sary to do much metallurgical Michael Faraday, has been greatly facilitated by 


research on copper. We have 
learned that we must free it 
of any oxide along grain bound- 
aries if it is ever to be heated 
in a reducing atmosphere. Or, if it is to be stressed at 
elevated temperature, we may have to add silver to raise its 
equicohesive temperature and so prevent brittle fracture. 

For primary insulation it has often been desirable first 
to enamel wire and then to wrap it with cotton or silk. 
Recent work has resulted in an enamel derived from poly- 
merized vinyl acetate which is so adherent and so elastic 
that no other covering is needed, and so the space-factor is 
improved. 

For secondary liquid insulation, non-inflammable pyranol 
has been developed, to be used in place of oil. 

Recently we have become actively interested in the 
insulating properties of certain gases, notably the chlo- 
rine and fluorine derivatives of the methane hydrocarbon 
series. In the case of a new million-volt transformer-type 
X-ray outfit, 100 pounds of one of these compressed gases 
is furnishing insulation equivalent to that of 12,000 pounds 
of the liquid oil ordinarily used in transformers. 


Photograph reproduced from The Telegraphic Journal 
and Electrical Review, London, July 15, 1877 


the pressed-powder method, 
with which we first became 
acquainted through the devel- 
opment of ductile tungsten 
and ductile molybdenum, and later carboloy. 

Faraday studied the inactive or passive state of iron. 
We have recently been studying this in connection with 
the corrosion of stainless steel. 

Faraday was interested in permanent magnets, both 
natural and artificial. We have been quite active in this 
field and, as a result, have seen the strength of permanent 
magnets gradually increased during the last 30 years some 
eight- or tenfold. The latest cast Alnico magnets con- 
sist of an alloy so hard that it cannot be machined. This 
would make the construction of small magnets of this 
material so expensive as to limit their use appreciably. 
We have recently found, however, that they can be made 
just as good, and for certain shapes much more cheaply, 
from pressed powder. 

We are still actively interested in the sparks and arc- 
discharges with which Faraday worked. Only the di- 
mensions have changed. Our latest 10,000,000-volt im- 
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pulse generator produces sparks 30 feet long, while an- 
other high-current impulse generator delivers a quarter 
of a million amperes—more current than has ever been 
measured in a lightning stroke. 

Are characteristics are being studied in various gases 
and at pressures up to more than a thousand atmospheres. 
At moderate pressures, arc discharges in neon and in mer- 
cury vapor are being studied as light sources, while the low- 
temperature mercury arc has been coupled with a phos- 
phor to transform the ultraviolet radiation into visible 
light, and so to increase the light output. 

In radio research and in television, we are continuing 
Faraday’s work on electromagnetic action at a distance. 
The principles are those discovered by him and formular- 
ized by Maxwell, but the distances have outgrown both 
the laboratory and the earth. 

Faraday’s leadership is a never-failing inspiration. To 
follow in his footsteps is a privilege indeed. To have 
succeeded in pressing a little farther along the paths he 
pointed out brings a satisfaction which itself sufficiently 
rewards the effort. 


European Welding Practice 


\\ 4 Aaa has grown to be as important a tool in 
engineering in Europe as it is in the United States. 
Welding machines in Europe are of high quality and in 
most countries of a-c equipment is far more widely used 
than d-c equipment. Special attention has been directed 
to low-rating machines for thin-gauge welding with the 
consequence that very excellent a-c and rectifier type sets 
have been developed for this work. 

Welding electrodes in Europe are primarily of the 
shielded-arc type, although considerable quantities of 
bare and light-dipped electrodes are still in use in Ger- 
many and France. 

Spot and other types of resistance welding are not in as 
common use as they are in America. There is great 
interest in this method, however, particularly for automo- 
bile, aircraft, and railway construction. Automobile 
manufacturers are considering installation of tube-con- 
trolled equipment for the production of duraluminum 
bodies. Gas welding, cutting, and brazing are in com- 
mon use and very high-grade results are being obtained on 
all types of metals. 

The industries in which welding is being used compare 
with those in the United States. Ships, buildings, bridges, 
railway coaches, autos, buses, elevators, pressure vessels, 
and all engineering equipment are now being fabricated 
by welding. 

Although welding is now used in nearly every field of 
engineering, the indications both in Europe and America 
are that its development in the future will be even greater 
than in the past. 


*Abstract of an address delivered by C. H. Jennings, engineer in charge of 
welding research, Westinghouse Electric and Manufacturing Company a the 
annual convention of the Association of Iron and Steel Engineers Glewsiant 
Ohio, September 27, 1938. , , 
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Lamp-Size Steam Generator 


STEAM generator no larger than an ordinary in- 

candescent lamp has been developed by the lamp 
division of Westinghouse Electric and Manufacturing 
Company. Heating coils of the device are directly im- 
mersed in water, providing a thermal efficiency of 90 per 
cent. It can generate superheated steam from cold water 
in less than 15 seconds. The heater is made in 1,000-, 
1,500-, and 2,000-watt sizes, with evaporating capacities 
up to 5.7 pounds of water per hour. Steam can be super- 
heated by it to 350 degrees Fahrenheit. 

The cylindrical case of the generator is 9'/, inches long, 
and is made of transparent chemical-resistant glass, 
capable of withstanding mechanical stress, internal pres- 
sure of 25 pounds per square inch, and instantaneous 
transfer from cold to boiling water or vice versa. The 
case is provided at one end with two heavy electrical ter- 
minals, welded or sealed directly into the glass, and an- 
other threaded pipe is sealed into the opposite end as a 
steam outlet. Resistance wire coiled on an insulating 
core occupies most of the interior, leaving space for only 
five ounces of water at a time. 

The steam generated by the device can be used to steri- 
lize dishes, glassware, instruments, utensils; or for pres- 
sure cookers, chemical laboratories, small-scale industrial 
operations. The generator can also be used to produce 
small supplies of distilled water for drinking, medicinal 
purposes, or garage use, and to provide hot water for 
ordinary domestic uses. It operates on an ordinary 
electric circuit. The accompanying illustration shows 


two of the small generators. 
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Of Institute and Related Activities 


South West District 


Holds Successful 


A VERY successful three-day meeting 
and Student Branch convention of the South 
West District was held in Houston, Tex., 
April 17-19, with headquarters in the Rice 
Hotel. Over 500 members, guests, and 
students attended and took part in the 
various activities arranged by the com- 
mittees, such as technical sessions, inspec- 
tion trips, and social functions. The subject 
of oil-field operations was treated by papers 
presented in three of the nine technical 
sessions. One of the high spots of the 
meeting was a talk on ‘‘Geophysical Pros- 
pecting,” by L. W. Blau, of the Humble Oil 
and Refining Company, Houston. The 
meeting was opened at 10:00 a.m. Monday, 
April 17, by F. C. Bolton, vice-president, 
South West District AIEE. The address 
of welcome was given by H. O. Clarke, Jr., 
vice-president, Houston Lighting and Power 
Company. 


Jornt LuNCHEON WITH 
Houston ENGINEERS CLUB 


Tuesday noon a joint luncheon with the 
Houston Engineers Club was held in the 
ballroom of the Rice Hotel, at which John 
C. Parker, president, AIEE, was the princi- 
pal speaker. Doctor Parker spoke of the 
broader aspects of the engineering profes- 
sion and its relation to society. 

Illustrating how modern civilization de- 
pends on the work of the engineer Doctor 
Parker referred to the alarm clock and the 
precision chronographic instruments, food 
cooking and preservation, the communica- 
tion of intelligence, the radio, and talking 
motion pictures. On the other hand he 
spoke of the engineer as a product of civili- 
zation, citing that modern hydraulics owes 
much to the work of Leonardo da Vinci. 
Clerk Maxwell’s work about three-quarters 
of a century ago provided a foundation for 
radio, and his experiments in flame work and 
combustion were vital to the petroleum in- 
dustry. The opportunity that exists in the 
United States for the most advanced educa- 
tion at the lowest possible cost, is a result of 
the background of centuries of civilization. 
The dedication by the public of certain rights 
makes possible public utility enterprises, 
highways, bridges, and other works. Legis- 
lation gives engineers an opportunity to 
pursue their profession and earn a living, 
but resolutions and legislation cannot ac- 
complish everything. He referred to the 
high code of ethics and traditional honesty 
of the engineering profession, and suggested 
that, if engineers would take back into their 
communities the factual methods of ap- 
proach used in their work, they would con- 
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tribute much of value to community life. 

J. B. Dannenbaum, president of the 
Houston Engineers Club, presided at the 
luncheon. President Parker was introduced 
by District Vice-President Bolton. 


SocraL EVENTS AND ENTERTAINMENT 


Over 300 attended the chief social event 
of the meeting, a dinner-dance held in the 
main ballroom of the Rice Hotel. A musical 
program of songs and dancing was presented 
by the Mary Jane Reynolds Dancing School. 

On Monday evening a large number of 
members and guests attended a stag supper 
held at the Gulf Brewing Company, 5301 
Polk Avenue. 


INSPECTION TRIPS 


Monday afternoon 332 members and 
students took part in three parallel inspec- 
tion trips. First in popularity was a trip to 
the Deepwater Plant and the Champion 
Paper Company, both located on the ship 
channel, about 11 miles from meeting head- 
quarters. The second was a trip to the 
Turning Basin and to radio stations KTRH 
and KPRC, which transmit simultaneously 
on the same antenna using different fre- 
quencies. This trip also included the San 
Jacinto Battleground and the new monu- 
ment there. The third trip was an inspec- 
tion of the local and toll offices of the South- 
western Bell Telephone Company and the 
underground networks of the Houston Light- 
ing and Power Company. The trips were 
arranged by the transportation and inspec- 
tion committee: L. K. Del’Homme, chair- 
man; L. B. Bricker, J. M. Craddock, WaiC: 
Geirisch, G. R. Swindell, and H. C. Taylor. 


DISTRICT EXECUTIVE 
COMMITTEE MEETING 


On Tuesday, April 18, a breakfast meeting 
of the District executive committee of the 
South West District was held in Banquet 
Room B of the Rice Hotel. The committee 
adopted a resolution to support the St. 
Louis Section in its request to hold the next 
meeting of the District in St. Louis. Presi- 
dent Parker complimented the Houston 
Section for its work in connection with the 
District meeting and praised the District 
for its very active Sections and Branches. 
He reported the Institute to be in excellent 
condition financially, with growth more 
rapid than the rise of the general business 
index. Emphasizing the importance of 
keeping in contact with young engineers, 
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~ President Parker suggested placing young 


men on Section and District committees, 
and recommending young men to head- 
quarters for appointment on national com- 
mittees. H.H. Henline, national secretary, 
discussed the growth of the Institute since 
1902, when it had 1,550 members, to its 
present 67 Sections and 120 Student 
Branches, with nearly all members in the 
United States having Section affiliation. 
The last four Sections were created in areas 
formerly assigned to other Sections and 
plans are being developed for a new Section 
at El Paso, Texas. In regard to finances he 
said that some of the reserves were used in 
the depression period but they have been 
restored and there has been no reduction in 
essential Institute activities. He informed 
the committee that in some Sections sub- 
divisions for specialized programs have 
been created to meet the needs of specialists. 


Analysis of Registration at Houston Meeting 


Location 


Houston District Other 


Classification Section tie Districts Totals 
Members....... 84. crvaer LO Kevatenacenss. OMP er arers 210 
Students ....0:.05 2% OO ete suas Hier cet Se oowct iM 123 
Men guests..... DG: BTS ettoness t epeaeee dO 151 
Women guests... 20...... Pen SOMITE PIO DOULA 51 
Totals iaisvesraial opens e+ Osteleiencs OO leratarel acne Biiegocne 535 


* Outside of Houston. 


Other items of business considered were dis- 
tribution of information on available speak- 
ers, time for installation of Section officers, 
sending program announcements to other 
Sections, and membership matters. The 
committee decided to hold its next meeting 
early in the autumn at Tulsa, Okla., the 
exact date to be decided later by the vice- 
president. 


SruDENT ACTIVITIES 


A large number of students and counselors 
attended a get-together luncheon given by 
the Houston Lighting and Power Company 
at Kelley’s Restaurant Monday noon. 
President Parker addressed the gathering. 

Wednesday noon the Rice Institute was 
host to a luncheon conference of Student 
Branch counselors and Branch chairmen. 

During the meeting three student tech- 
nical sessions were held, which were well 
attended. The following papers were pre- 
sented: 

Inpucrion Moror OPERATION WITH SEPARATELY 


Excirep Puasp Apvancer, D. L. Hall and B, D. 
Low, The Rice Institute. 


FAILURE OF CEMENT-INSERT PORCELAIN INSULA- 
tors, G. M. Lee, Graduate Student, University of 
Missouri. 


APPLICATION OF TENSOR ANALYSIS TO ELECTRICAL 
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Networks, R. P. Haviland, Missouri School of 
Mines and Metallurgy. 


An A-C Network Anatyzer, T. E. Acord, Uni- 


versity of Texas. 
DIRECTIONAL ANTENNAS FOR BROADCAST STATIONS, 
R. B. Bonney, University of New Mexico. 


FispER GLASS AS AN ELECTRICAL INSULATION, 
Leslie Lawrence, Oklahoma Agricultural and 
Mechanical College. 

THE INVESTIGATION OF PROPELLERS FOR WIND- 
Evecrric Piants, E. P. Smith, Kansas State 
College. 

VARIATION OF INDUCTANCE WiTH Bar CoRE 
Lenetu, C. H. Thomas and J. C. Burt, Texas 
Technological College. 


IMPEDANCE RELATIONS OF THREE-WIRE SECOND- 
ARY SINGLE PHASE TRANSFORMERS WITH UN- 
BALANCED Loapincs, R. W. Townsend, University 
of Oklahoma, 


CENTRAL PLANT SySTEM OF AIR CONDITIONING, 
Charles Dawson, Southern Methodist University. 


ANALYSIS OF THE INDUCTANCE OF IRON CoRE 
Coirs, R. R. Jenner, University of Kansas. 


TRANSFORMER Heat Run By Direct CURRENT 
OpprosiTION Metuop, L. W. Gregory, The Agri- 
cultural and Mechanical College of Texas. 


MacGnetTic Recorpinc, E. G. Goddard, New 
Mexico State College of Agriculture and Mechanic 
Arts. 

A MertxHop or LINE VoLtTaGE ContrRoL, A. N, 
Atsan, Graduate Student, University of Missouri. 


STROBOSCOPIC MEASUREMENT OF SLIP By BEAT 
FREQUENCY, Elmo Crump, University of Missouri. 


At the conclusion of the presentations the 
judges awarded first place to the paper by 
C. H. Thomas and J. C. Burt; second place 
to the paper by R. B. Bonney; and third 
place to the paper by Elmo Crump. 


Jackson Lectures Published. ‘Engineer- 
ing’s Part in the Development of Civiliza- 
tion,” a series of six lectures by Dugald C. 
Jackson (A’87, F’12) has been published 
as a 114-page cloth-bound volume by The 
American Society of Mechanical Engineers. 
These lectures, which were first presented 
at the University of North Carolina, 
Raleigh, and printed in the July to Decem- 
ber 1938 issues of Mechanical Engineering, 
trace the relation of technological develop- 
ment to human history and stress the re- 
sponsibility of modern engineering to the 
future. An article by Dr. Jackson on a 
related theme ‘The Social Significance of 
Engineering,” was published in ELECTRICAL 
ENGINEERING, February 1939, pages 59-63. 
Copies of the volume of lectures may be 
secured at $1.55 each from ASME head- 
quarters, 29 West 39th Street, New York, 
INI, We 


Future AIEE Meetings 


Summer and Pacific Coast Conven- 
tion (combined) 
San Francisco, Calif., June 26-30, 1939 


Great Lakes District Meeting 
Minneapolis, Minn., September 27~ 
29, 1939 


Middle Eastern District Meeting 
Scranton, Pa., October 11-13, 1939 


Winter Convention 
New York, N.Y., January 22-26, 1940 


Program Completed for Summer 


and Pacific Coast Convention 


Tue AIEE summer and Pacific Coast 
convention, which will be held in San 
Francisco, Calif., June 26-30, 1939, by 
virtue of its location offers members and 
guests unusual opportunities. As an added 
attraction the Golden Gate International 
Exposition on Treasure Island will be in 
full swing, not to mention the scenic oppor- 


tunities afforded when traveling to San: 


Francisco from north, east, or south. 
Information on the various recreational 
and social features of the meeting and on 


scenic attractions for those traveling to and 
from the convention, together with a tenta- 
tive schedule of events, appeared in the 
May issue, pages 217-18. The schedule of 
events is now complete, with one minor 
change, as follows: the informal dinner 
scheduled for 6:00 p.m., Tuesday, June 27, 
will be held at the Yerba Buena Club 
instead of in the California State Building. 
Details of the business and technical pro- 
gram are given in the accompanying tabu- 
lation. 


Business and Technical Program 


Advance copies of papers will be made 
available as approved. Cost: mail orders, 
10 cents per copy; if purchased at head- 
quarters or at the meeting, 5 cents per copy. 
Because preprints are furnished at less than 
cost, and to avoid bookkeeping expense, 
payment with order is requested. Coupon 
books in $1 and $5 denominations are 
available for those who wish to avoid re- 
mittance by check or otherwise. 


Monday, June 26 


8:30a.m. Registration (also Sunday, 
June 25—2:00 to 8:30 p.m.) 
10:00 am. Annual Meeting 


Opening of session. S. J. Lisberger, chairman, 
summer and Pacific Coast convention committee 


Address of welcome. P. M. Downing, past vice- 


president 


Response. Harry W. Hitchcock, nominee for vice- 


president 


Board of directors’ report (in abstract) H. H. Hen- 
line, national secretary 


National treasurer’s report. W. I, Slichter 
Committee of tellers’ report on election of officers 


Presentation of president’s badge and response from 
President-Elect F, Malcom Farmer 


Presentation of prizes for papers 
Presentation of Lamme Medal to Marion A. Savage 


President's address. Dr. John C. Parker 


2:00 p.m. Conference of Officers, Dele- 


gates, and Members 


Tuesday, June 27 


9:00 a.m. Power Generation and Trans- 
mission 
39-119. MincLtep Hypro aAnp STEAM PowER 


PRODUCTION IN CaLIFORNIA—Past, PRESENT, AND 
Fururr. A. H. Markwart, Pacific Gas and Elec- 
tric Company 


39-120. Tur Usr oF MULTI-WINDING TRANS- 


FORMERS WITH SYNCHRONOUS CONDENSERS FOR 
System Vo_tace Recuration. H. P. St. Clair, 
American Gas and Electric Service Corporation 


39-121. Wave SuHape or 30- anp 60-PHasE RECc- 
TIFIER Groups. O. K. Marti, Allis-Chalmers 
Manufacturing Company, and T. A. Taylor, Bell 
Telephone Laboratories, Inc. 


39-122. LIGHTNING INVESTIGATION ON TRANS- 
MISSION LINES, VII. W. W. Lewis and C. M. 
Foust, General Electric Company 


9:00 a.m. Communication, Electronics, 
and Basic Sciences 
39-146. ReceNT DEVELOPMENTS IN TELEGRAPH 


Switcuinc. F. E. d’Humy and H. L. Browne, 
The Western Union Telegraph Company 


39-116. IonizaATION TIME oF THYRATRONS. A. 
E. Harrison, California Institute of Technology 


39-117. 
StaTic PotypHasE NETWORKS. 
Harvard University 


TRANSFORMATION THEORY OF GENERAL 
Louis A. Pipes, 


39-147. Rapio Freguency HicH-VoLTacr Pue- 
NOMENA. A. A. Alford and Sidney Pickles, Mac- 
kay Radio and Telegraph Company 


9:00 a.m. Instruments and Measure- 
ments and Automatic Stations 
39-124. A HicH Gain D-C AMPLIFIER FOR Bro- 


ELECTRIC RECORDING. 
sity of Wisconsin 


Harold Goldberg, Univer- 


39-115. SurRGE VortTacGE BREAKDOWN CHARAC- 
TERISTICS FOR ELEecTricaL Gaps IN Om. R. W. 
Sorensen, California Institute of Technology 


39-114. THe ANomaLous BEHAVIOR OF THE 
Movinc Systems oF SInGcLEe-PHASE A-C Wartrt- 
HOUR Meters at No Loap. F.C. Holtz, Sangamo. 
Electric Company ; 


39-125. Some PRacticaL MEASURING DEvICcEs, 
Lloyd F. Hunt, Southern California Edison Com- 
pany 


39-93. CARRIER CURRENT Losses MEeasureEp, 
AND INTERFERENCE MINIMIZED ON BovuLpEr-Los 
ANGELES TRANSMISSION LINES. J. D. Laughlin, 
Bureau of Power and Light, City of Los Angeles, 
and W. E. Pakala and M. E. Reagan, Westinghouse. 
Electric and Manufacturing Company 


39-126. A New Time STANDARD. 


Henry E. 
Warren, Warren Telechron Company 


ee 
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Business and Technical Program 


Wednesday, June 28 


9:00 a.m. General Session 


Address by a nationally known speaker (To be 
arranged) 


2:00 p.m. Conference of Officers, Dele- 
gates, and Members 

2:00 p.m. Student Technical Sessions 

7:00 p.m. Student Branch Dinner, Fol- 


lowed by Joint Conference of 
Student Delegates and Coun- 
selors of Eighth and Ninth 
Districts 


Thursday, June 29 


9:00 a.m. 


39-132. HicH-Capaciry Hypro-Buiasr Crrcuit 
BREAKER FOR CENTRAL STATION SERVICE. W. F. 
Skeats and W. R. Saylor, General Electric Company 


Protective Devices 


39-128. ‘‘MaGne-Brast’’ Are Crrcurr BREAKER 
FoR 5,000-Vott Service. E. W. Boehne and L. J. 
Linde, General Electric Company 


39-130. TRANSIENT AND STEADY STATE PER- 
FORMANCE OF POTENTIAL Devices. E. L. Harder, 
P. O. Langguth, and C. A. Woods, Jr., Westinghouse 
Electric and Manufacturing Company 


39-127. Twetve-Kv Metat ENCLOSED Bus AND 
Switcnw StRucTURE STaTION “C,”"" OAKLAND 
Paciric Gas AND Etectric Company. F. S. Benu- 


son, Pacific Gas and Electric Company, and H. E. 
Strang, General Electric Company 


39-129. TESTING oF DISTRIBUTION ARRESTERS. 
Herman Halperin, Commonwealth Edison Com- 
pany 


39-131. SENSITIVE GROUND PROTECTION FOR 
RapIAL DISIRIBUTION FEEDERS. Lloyd F. Hunt 
and J. H. Vivian, Southern California Edison 
Company, Ltd. 

9:00 a.m. Communication: Joint Session 
With Institute of Radio Engi- 


neers 


IRE paper. THE KLYSTRON AS A GENERATOR OF 
Very SHORT Waves. W. W. Hansen, R. H. 
Varian, D. L. Webster, and J. R. Woodyard, Stan- 
ford University 


39-144. INSTRUMENTS AND METHODS OF MEAS- 
URING Rapio Norse. C. V. Aggers, Westinghouse 
Electric and Manufacturing Company, Dudley E. 
Foster, Radio Corporation of America and C.S- 
Young, Pennsylvania Power and Light Company 


39-145. MerTHODS OF CONTROLLING RADIO INTER- 
FERENCE. C. V. Aggers, Westinghouse Electric 
and Manufacturing Company 


IRE paper. THE TECHNICAL FRAMEWORK OF OuR 
TeLEvision. E. W. Engstrom, RCA Manufac- 
turing Company 


9:00 a.m. Electrical Machinery 


Tue HyprocGEN-CooLeD TURBINE GEN- 
D. S. Snell, General Electric Company 


39-105. 


ERATOR. 
39-97. HypROGEN-COOLED TURBINE GENERA- 
tors. M. D. Ross and C. C. Sterrett, Westing- 


house Electric and Manufacturing Company 


39-106. Some Factors IN THE MECHANICAL 
DESIGN oF HIGH-SPEED TURBO-GENERATORS. Ss. 
H. Mortensen, Allis-Chalmers Manufacturing 
Company, and J. J. Ryan, University of Minnesota 


SpEcIAL. PROBLEMS OF TWw0O-POLE TuR- 
C. M. Laffoon and B. A. Rose, 


39-107. 
BINE GENERATORS. 


Westinghouse Electric and Manufacturing Com- 
pany 


39-133. THe Direcr-AcrinG GENERATOR VOLT- 
AGE REGULATOR. W. K. Boice, S. B. Crary, G. 
Kron, and L. W. Thompson, General Electric Com- 
pany 


39-134. FRracrronaL-SLor AND Dreap-Com Winp- 
INGS. Michel G. Malti and Fritz Herzog, Cornell 
University (Presentation by title) 


39-135. Report oF PROGRESS OF THE ART IN 
ELECTRICAL Macurnery., Committee on electrical 
machinery 


2:00 p.m. Conference on Teaching of 


Communication and Electronics 


2:00 p.m. Conference on Sensitive 


Ground Protection 


This conference is expected to include group dis- 
cussions of rotating apparatus, high-voltage trans- 
mission lines, and distribution circuits, particularly 
from the relaying point of view. Included in the 
discussion may he material relating to the flow of 
current in the earth from grounded conductors as a 
phenomena. 


2:00 p.m. Student Technical Sessions 


Friday, June 30 


9:00 a.m. Transportation and Lighting 
39-138. SricnaL SystEM, INTERLOCKING PLANTS, 
AND AUTOMATIC TRAIN CONTROL ON THE SAN 
FRANCISCO-OAKLAND Bay BRIDGE’ RAILWAY, 
C. R. Davis, Public Works Department, State of 
California 


39-139. ELrecTrRIcCAL EQUIPMENT OF THE UNION 
Paciric SteamM-Evectrric Locomotive. M. R. 
Hanna and J. F. Tritle, General Electric Company 


39-137. New Type or D-C to A-C VIBRATOR 
INVERTER. O. Kiltie, General Electric Company 
39-136. ParInTING THE GOLDEN GATE INTER- 


NATIONAL ExposITION WitTH Licut. A. F. Dicker- 
son and H. E. Mahan, General Electric Company 


9:00 am. Research and Cables 

39-111. Tue DrevecrrRic STRENGTH AND THE 
LIFE OF IMPREGNATED PAPER—THE INFLUENCE OF 
THE DENSITY OF THE PapEeR. J. B. Whitehead, 
Johns Hopkins University 


39-112. Drevecrric STRENGTH OF INSULATING 
Liguips In A CONTINUOUSLY CIRCULATING SYSTEM. 
H. H. Race, General Electric Company 


TESTS ON Or, IMPREGNATED ParPeR, IV— 
H. H. Race, General 


39-113. 
MECHANISM OF BREAKDOWN. 
Electric Company 


39-140. A New TECHNIQUE FOR LEAD CABLB 
SHEATHING. B. Bs Reinitz and R. J. Wiseman, The 
Okonite-Callender Cable Company 


9:00 a.m. Industrial Power Applications 


39-141. TEMPERATURE SURVEY OF THE UNITED 
States. J. J. Smith, General Electric Company, 
and H. W. Tenney, Westinghouse Electric and 
Manufacturing Company 


39-118. CaApaciror RELAY TIMING IN INDUSTRIAL 
Conrrov. Carroll Stansbury and T. B. Jochem, 
Cutler-Hammer, Inc. 


39-143. ELECTRICAL ENGINEERING AND THE 
PrrRoLeuM ReFIneR. G.R. Weeks, H. W. Gies- 
ecke, and C. M. Lathrop, Standard Oil Development 
Company 


39-142. VARIABLE VOLTAGE EQUIPMENT FOR 
Rotary Dritinc Rics. E. H. Lamberger, 
Westinghouse Electric and Manufacturing Com- 


pany 
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1939 Lamme Medal 
Nominations Due December 1 


Special attention is directed to the fact 
that the names of Institute members who 
are considered eligible for the AIEKE 
Lamme Medal, to be awarded early in 1940, 
may be submitted by any member in ac- 
cordance with Section 1 of Article VI of the 
bylaws of the Lamme Medal committee, 
as quoted in the following: 


The committee shall cause to be published in one 


_ or more issues of ELEcTRICAL ENGINEERING, or of 


its successors, each year, preferably including the 
June issue, a statement regarding the ‘‘Lamme 
Medal” and an invitation for any member to pre- 
sent to the national secretary of the Institute by 
December 1, the name of a member as a nominee 
for the medal, accompanied by a statement of his 
‘meritorious achievement’ and the names of at 
least three engineers of standing who are familiar 
with the achievement, 


Each nomination should give concisely 
the specific grounds upon which the award is 
proposed, and also a complete detailed 
statement of the achievements of the nomi- 
nee to enable the committee to determine 
its significance as compared with the 
achievements of other nominees. If the 
work of the nominee has been of a some- 
what general character in co-operation with 
others, specific information should be given 
regarding his individual contributions. 
Names of endorsers should be given as 
specified in the foregoing quotation. 

The Lamme Medal, founded as a result 
of a bequest of the late Benjamin Garver 
Lamme, chief engineer of the Westinghouse 
Electric and Manufacturing Company (de- 
ceased July 8, 1924), provides for the an- 
nual award by the Institute of a gold medal 
—together with bronze replica thereof— 
to a member of the AIEE “who has shown 
meritorious achievement in the develop- 
ment of electrical apparatus or machinery”’; 
and for the award of two medals in some 
years if the accumulation of funds warrants. 

The eleventh (1938) Lamme Medal has 
been awarded to Marion A. Savage (A’21) 
designing engineer, General Electric Com- 
pany, Schenectady, N. Y., “for able and 
original work in the development and im- 
provement of mechanical construction and 
the efficiency of large high-speed turbine 
alternators.’”’ Presentation will be made 
during the AIEE summer convention at 
San Francisco, Calif., June 26-30, 1939. 
A biographical sketch of Mr. Savage ap- 
peared in the March issue, page 136. 


ASA Lists Codes and Standards. The 
American Standards Association, joint 
agency of which the AIEE is a member- 
body, recently issued its annual indexed 
list of American standards and safety codes. 
The list includes about 400 nationally ap- 
proved codes, standards, and specifications 
indexed alphabetically and also industrially 
by subject. Civil, mechanical, and elec- 
trical engineering, transportation, ferrous 
and nonferrous metallurgy, chemical in- 
dustry, mining, petroleum, wood, pulp and 
paper, textiles, symbols and abbreviations 
are among the fields covered. More than 
600 trade, technical, and governmental 
groups took part in developing these stand- 
ards. Copies of the list may be obtained 
without charge from ASA headquarters, 
29 West 39th Street, New York, N. Y. 
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Coolidge Receives Faraday Medal of the IEE 
at Springfield Meeting of North Eastern District 


PreseNnTATION of the Faraday 
Medal of The Institution of Electrical 
Engineers, Great Britain, to W. D. Coolidge 
(A’10, M’34) Director of the General Elec- 
tric Company’s Research Laboratory, Sche- 
nectady, N. Y., was a feature of the recent 
Springfield meeting of the Institute’s North 
Eastern District. Dr. Coolidge is the third 


American to receive the Faraday Medal, ° 


previous recipients having been Elihu 
Thomson and Frank B. Jewett. Presenta- 
tion of the medal and certificate to Dr. 
Coolidge was made by AIEE Past-President 
Gano Dunn who officiated in his capacity as 
Local Honorary Secretary of the IEE for 
the United States. The award to Dr. Cool- 
idge was previously announced in ELEctTRI- 
CAL ENGINEERING (March 1939, page 137), 
and the full text of Dr. Dunn’s presentation 
address and of Dr. Coolidge’s response may 
be found elsewhere in this issue. 
Co-featured on the general session pro- 
gram Thursday morning, May 4, preceding 
the Faraday medal ceremony, were Presi- 
dent John C. Parker of the AIRE and Presi- 
dent C. W. Kellogg of the Edison Electric 
Institute. Selecting ‘socialization’ as his 
topic, President Parker carefully defined 
the difference between “socialization” and 
“collectivization,” pointing out that engi- 
neering in the broad sense is a pretty well 
socialized activity ‘by virtue of the way it 
penetrates and affects all walks of life.” 
Dr. Parker urged each engineer to take 
his full place in civic affairs “so that folks 
will better know the engineer and the engi- 
neer better know the general public.” 
Speaking on the topic ““The Engineer as a 
Citizen,’ Mr. Kellogg further developed the 
same basic thought and presented some com- 
pelling facts and figures reflecting the cur- 
rent situation in the United States. These 
addresses are scheduled for publication in 
full text in an early issue of ELECTRICAL 
ENGINEERING. Present for the opening of 
the general session was Mayor R. L. Put- 
nam of Springfield. Vice-President C. L. 
Dawes presided. ; 
Traditions of the North Eastern District 
were upheld by the committee responsible 
for the Springfield meeting, in the program 
facilities for student participation, and in 
the industrial flavor of the general technical 
program. Something of a novelty in Dis- 
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trict meeting programs was what might be 
called the preview presentation of five papers 
scheduled for the forthcoming summer con- 
vention in San Francisco. The total regis- 
tration figure of 439 is analyzed in the ac- 
companying tabulation. Session attend- 
ance ranged from 65 to about 100, and aver- 
aged about 55; average for the two parallel 
student sessions was 95. 

Supplementing the technical program, 
facilities for inspection trips to industries 
included the Bigelow Sanford Carpet Com- 
pany, Thompsonville, Conn.; Stevens Paper 
Company, Westfield, Mass.; Chapman 
Valve Manufacturing Co., Indian Orchard, 
Mass.; Package Machinery Company, 
Springfield, Mass.; United States Armory, 
Springfield, Mass.; Westinghouse Electric 
and Manufacturing Co., East Springfield; 
Fisk Rubber Company, Chicopee, Mass.; 
Pratt and Whitney Aircraft Corp., Hartford, 
Conn. Some of these trips, especially that 
to the carpet plant, were enjoyed by women 
as well as men. Two highlights of the 
women’s entertainment program were dinner 
and bridge at the Springfield Country Club 
Wednesday evening, and a “college cruise’’ 
Thursday that included visits to Mount 
Holyoke College, The Notch, Amherst, 
Massachusetts State College, Calvin Cool- 
idge Memorial Bridge, Smith College; lunch- 
eon was served at Wiggins Old Tavern, 
Northampton. Climax of the entertain- 
ment program was the banquet held at the 
Hotel Kimball, Thursday evening, May 4, 
with Past Vice-President W. H. Timbie serv- 
ing as toastmaster. Responding to invita- 
tion, President Parker and National Secre- 
tary Henline spoke briefly. President 
Parker called on the older Institute leaders 
to remember their own youth and “give 
way for the young men,” and called on 
the younger men to take an increasingly 
active part in Institute affairs. Secretary 
Henline endorsed President Parker’s idea 
and gave some brief citations of recent Insti- 
tute activities—such as Houston meeting 
of the South West District, the Washing- 
ton, D. C., Section student program, and 
New York Section joint student meeting— 
as an indication of the way this idea is being 
carried out. 

Prize awards made at the banquet by 
Vice-President C. L. Dawes covering the 


At the Springfield 
meeting, left to right: 
North Eastern Dis- 
trict Secretary R. G. 
Lorraine, National 
Secretary H.H. Hen- 
line, Vice-President 
C. L. Dawes, Spring- 
field Section Chair- 
man W. O. Hen- 
schke, President J.C. 
Parker, and Editor 

G. R. Henninger 


News 


preceding year were as follows: Best paper 
prize, C. W. LaPierre and A. P. Mansfield 
for their paper ‘“‘Photoelectric Weft-Straight- 
ener Control,’ presented at the North 
Eastern District meeting, Lenox, Mass., in 
May 1938; best branch paper, divided be- 
tween E. G. Schroeder of Rensselaer Poly- 
technic Institute for his paper ‘‘Investiga- 
tion of Heat Dissipation and Temperature 
Rises in Underground Ducts,’ and P. P. 
Koliss and Joseph Ezen of Worcester Poly- 
technic Institute for their paper ‘‘Analysis 
of an Electron Tube-Controlled Induction 
Motor’; both papers presented at Lenox in 
May 1938. 

Featured address of the evening was de- 
livered by Dr. John L. Davis, professional 
lecturer and prominent minister of a New 
York Methodist Church. After amusing his 
audience for some time with a running fire of 
witty comments, speaking on the subject 
“dimensions of life’ he gave further em- 
phasis to the theme enunciated earlier in 
the evening by Doctor Parker, listing the 
early ages at which a host of prominent 
scientists made some of their most important 
discoveries and technical contributions. 
The banquet was attended by 114 persons. 


STUDENT TECHNICAL SESSIONS 


Honors for technical session attendance 
went to the two parallel student sessions, 
with approximately 200 between them. To 
provide an outlet for the greatest possible 
number of student papers, the District com- 
mittee on student activities under the 
chairmanship of Professor E. M. Strong of 
Cornell University arranged for the parallel 
sessions, one designated as a communication 
and measurement session and the other as 
a power session. As noted in the following 
listings, some 15 papers by 21 authors were 
presented: 


Communication and Measurements Session—C. A. 
Lister, Tufts College, Chairman 


An Instrument for the Measurement of Microvolts 
at Supersonic Frequencies, M. A. Schultz, Massa- 
chusetts Institute of Technology. 

A Substitute for the Radio Range in Instrument 
Flight Training, R. B. Roe, Cornell University. 

The Solution of Amplifier Circuits by Operational 
Methods, R. B. Rittenburg, Tufts College. 
Frequency-Selective Feedback for Improvement of 
Acoustical Response of an Audio-Frequency Sound 
System, W. N. Brown, Jr., and E. W. Sheridan, 
Massachusetts Institute of Technology. 
Stroboscopic Device for Sound-Wave Demonstra- 
tion, W. K. Halstead and W. G. Tuller, Massachu- 
setts Institute of Technology. 

A Kinetic Power-Time Graph Demonstrator, E. L. 
Foster, Cornell University. 

The “‘Glo-Relay,’’ a New Method of Initiating 
Vapor Discharges, E. C. Dench, Worcester Poly- 
technic Institute. 


Power Session—A. H. Sullivan, Jr., Cornell Uni- 
versity, Chairman 


Experimental Flux Plotting, W. C. Phillips, Jr., 
Tufts College. 

A Thyratron Controlled Automatic Speed Gover- 
nor, H. T. O’Neill and J. F. Clancy, Northeastern 
University. 

A Study of Automobile Engine Ignition, R. F. Gilke- 
son, Cornell University. 

Study of a Self-Excited A-C Generator, F. L. Miller 
and W. W. West, Brown University. 

Breakdown Strength of Dielectrics in Presence of 
X-Rays, L. F. Kilham, Jr., Tufts College. 

A Calorimetric Method for Determining Losses in 
Electrical Machines, H. S. Blauvelt, G. V. Pearson, 
and C. W. Thulin, Worcester Polytechnic Institute. 


A Smoke Eliminator, Phil Smith, University of 
New Hampshire. 
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A Thyratron Method of Lighting Control for Small 


Theaters, U. R. Wischmeyer, Yale University. 


; Each of the two groups of papers were 
judged separately for participation in the 
District’s program of student prize awards. 
From the communication and measurements 
group, the judges awarded first prize for 
effective presentation to W. N. Brown, Jr., 
and E. W. Sheridan; second prize to E. C. 
Dench. Of the power session group, first 
prize for presentation was awarded to L. F. 
Kilham, Jr.; second prize to H. T. O'Neill 
and J. F. Clancy. Subsequent review and 
examination of the student technical papers 
will provide the basis for the final District 
awards which probably will be announced 
at the 1939 District student conclave. 


CONFERENCE ON STUDENT ACTIVITIES 


For the consideration of problems inci- 
dental to the conduct of student activities 
in the North Eastern District, a luncheon 
conference was held at the Highland Hotel, 
Springfield, Friday, May 5. Last year 
this group had, after considerable discus- 
sion, decided in favor of two parallel sessions 
for the presentation of student technical 
papers. Inasmuch as the two sessions at 
Springfield were held after this conference, 
there was no opportunity for discussing the 
results of the practical application of that 
decision. However, the notable success of 
the Springfield student program subse- 
quently spoke for itself. An exchange of 
comments pertaining to 1940, when the 
annual summer convention of the Institute 
will be held at Swampscott with the conse- 
quent elimination of the District meeting 
for that year, led to the tentative decision 
to hold a joint student conference probably 
May 3, 1940. Several schools have offered 
to act as host for such a conference, but no 
decision was made. Conversation points 
toward Worcester Polytechnic Institute. 

All 16 of the student branches in the 
North Eastern District were represented, 
by a total of 33 faculty or enrolled student 
members of which the following constituted 
the official delegates: 


Student Branch Counselors and Alternates 


C. W. Henderson, Syracuse University, Syracuse, 
NEY. 

Victor Siegfried, Worcester Polytechnic Institute, 
Worcester, Mass. 

L. C. Holmes, Rensselaer Polytechnic Institute, 
Troy, N. Y. 

A. G. Conrad, Yale University, New Haven, Conn. 
R. O. Buchanan, University of Vermont, Burling- 
ton, Vt. 

F. N. Tompkins, Brown University, Providence, 
RA: 

J. D. Cobine, Harvard University, Cambridge, 
Mass. 

G. S. Brown, Massachusetts Institute of Tech- 
nology, Cambridge, Mass. 


Analysis of Registration at Springfield 


Location 
Spring- Dis- Other 
field trict Dis- 
Classification Section 1*  tricts Totals 

Members, ..0c.0 5005 SAA LOT Sine vers 
WHOM eNUS caer ceca Si Diicceloscepemer « wo 
Men Guests...... AO nome eGo hs eae 
MWromen Gttests ccs. LUsees Licence 
PP OUQISSS cove sinw slats 52... .841....46....439 


* Outside Springfield. 


E, A. Walker, Tufts College, Tufts College, Mass. 


R. G. Porter, Northeastern University, Boston, 
Mass. 


E. M. Strong, Cornell University, Ithaca, N. Y. 
G. J. Fiedler, Union College, Schenectady, N. Y. 
W. B. Hall, Rhode Island State College, Kingston. 


L. W. Hitchcock, University of New Hampshire, 
Durham, N. H. 


A. S. Hill, University of Maine, Orono, Maine. 


Student Branch Chairman and Alternates 


J. Leo Raesler, Syracuse University, Syracuse, N. Y. 


H. L. Anderson, Worcester Polytechnic Institute, 
Worcester, Mass. 


L. D. Runkle, Rensselaer Polytechnic Institute, 
Troy, N. Y. 


J. G. Stephenson, Yale University, New Haven, 
Conn. 


E. C. Bailey, University of Vermont, Burlington, 
Vt. 


W. W. West, Brown University, Providence, R. I. 


R. M. Hutchinson, Harvard University, 
bridge, Mass. 


Cam- 


R. B. Lawrence, Massachusetts Institute of Tech- 
nology, Cambridge. 


M. L. Greenough, Tufts College, Tufts College, 
Mass. 


Crawford Adams, Cornell University, Ithaca, N. Y. 
D. P. Campbell, Union College, Schenectady, N. Y. 
H. G. Crook, Rhode Island State College, Kingston. 


Phil Smith, University of New Hampshire, Dur- 
ham, N. H. 


H. M. Kenney, University of Maine, Orono, Maine. 


M. J. Mulhern, Clarkson College of Technology, 
Potsdam, N. Y. 


Others among the total of 39 persons attend- 
ing the conference included Past-Presidents 
Charles F. Scott and D. C. Jackson, Na- 
tional Secretary H. H. Henline, Vice-Presi- 
dent C. L. Dawes, Chairman E. M. Strong 
of the District committee on student activi- 
ties, District Secretary R. G. Lorraine, 
Editor G. R. Henninger, Burton Hall of 
Rhode Island State College, and E. R. 
McKee of the University of Vermont. 


District EXECUTIVE COMMITTEE MEETING 


A luncheon-business session of the Dis- 
trict executive committee was held Wed- 
nesday, May 3. Chairman Strong of the 


District committee on student activities 
reported briefly for his special committee 
that has been studying the matter of a new 
and more satisfactory basis for the rating 
of student technical papers. The commit- 
tee long has contended that methods of 
rating applicable to formal technical pro- 
gram papers are neither satisfactory nor 
equitable for the grading of student techni- 
cal papers, which are intended to accom- 
plish a fundamentally different purpose. 
Tentatively, Professor Strong’s committee 
recommended that for student papers, 10 
points be allowed for introduction; 50 points 
for speaking technique, including personal 
characteristics and manner of delivery; 50 
points for style, including the speaker’s 
organization of material; 10 points for sum- 
mary and conclusion; 20 points for manner 
and effectiveness in handling discussion. 
Pursuant to favorable action by the execu- 
tive committee, Professor Strong’s commit- 
tee is to report in detail to Chairman R. W. 
Sorensen of the AIEE Committee on Stu- 
dent Branches, in the hope that the subject 
will be discussed at the annual conference of 
officers, delegates and members to be held 
in conjunction with the summer convention 
in San Francisco next month. Another 
problem to be submitted for summer con- 
vention discussion is the matter of the 
District student prizes particularly with 
respect to papers prepared by graduate 
students, where so few papers are available 
in the ordinary year that effective competi- 
tion or equitable competitive rating is a 
difficult matter. Provisions were made for 
an augmented District co-ordinating com- 
mittee to meet May 13 at the New Ocean 
House, Swampscott, Mass., with officers of 
the Boston and Lynn Sections and hotel 
authorities for the purpose of perfecting 
preliminary plans for the 1940 summer con- 
vention scheduled to be held at Swampscott. 
(This meeting was held as scheduled.) 
Official attendants at the meeting included 
the following: 
C. L. Dawes, vice-president, AIEE 
R. G. Lorraine, secretary, North Eastern District 
E. M. Strong, chairman, North Eastern District 
committee on student activities 
W. O. Henschke, chairman, Springfield Section 
W. W. Cotner, chairman, Ithaca Section 
F. A. Faron, chairman, Connecticut Section 
C. W. LaPierre, representing Schenectady Section 
J. G. Patterson, chairman, Boston Section 


C. E. Tuites, secretary, Rochester Section 
L. Wetherill, chairman, Pittsfield Section 


Others in attendance included Past Vice- 
President A. C. Stevens of Schenectady, 
Director K. B. McEachron of Pittsfield, 
Student Counselor Victor Siegfried of 
Worcester Polytechnic Institute, Past Chair- 
man F. N. Tompkins of the District com- 
mittee on student activities, National 
Secretary H. H. Henline and Editor G. R. 
Henninger of New York. 


A group of student authors and others who participated in the student sessions at the Springfield meeting 
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Future Meetings 
of Other Societies 


American Association for the Advancement 
of Science. June 19-24, Milwaukee, Wis. 
a a Te SS eee 


American Institute of Mining and Metal- 
lurgical Engineers. 151st general meeting, 
July 10-13, San Francisco, Calif, 


American Physical Society. 228th meeting, 
June 23-24, Princeton, N. J. 


229th meeting, June 28-30, Stanford” Uni- 
versity, Calif. 


American Society for Testing Materials. 
42d annual meeting, June 26-30, Atlantic 
City, N. J. 


American Society of Civil Engineers. 
Annual convention, July 26-29, San Fran- 
cisco, Calif. 


American Society of Heating and Ventilat- 
ing Engineers. Semiannual meeting, July 
4-6, Mackinac Island, Mich. 


— So haa 
American Society of Mechanical Engineers. 
Semiannual meeting, July 10-15, San Fran- 
cisco, Calif, 

Fall meeting, September 4-8, New York, 
INE MS 


Mluminating Engineering Society. 33d 
annual convention, August 21-25, San 
Francisco, Calif. 


Institute of Radio Engineers. National 
convention, June 27-30, San Francisco, 
Calif. 


Fortieth annual convention, September 20~ 
23, New York, N. Y. 


International Conference on High-Voltage 
Systems (CIGRE). Tenth meeting, June 
29-July 8, Paris, France. 


Society for the Promotion of Engineering 
Education. 47th annual meeting, June 19— 
23, The Pennslyvania State College, State 
College, Pa. 


Industrial Research Institute Election. 
Election of new officers and members of its 
executive committee has been announced 
by the Industrial Research Institute, as 
follows: Chairman—H. W. Graham, Jones 
and Laughlin Steel Corporation, Pittsburgh, 
Pa.; Vice-Chairman—H. E. Hoover, The 
Hoover Company, Chicago, III. ; Members— 
L. W. Wallace, The Crane Company, 
Chicago, Il.; F. W. Blair, Proctor and Gam- 
ble Company, Ivorydale, Ohio. The com- 
mittee is composed of executives in charge 
of research laboratories. The Industrial 
Research Institute was formed in 1938 to 
provide research men in industry with an 
organization in which they could exchange 
information on laboratory organization, 
administration, and other problems. CER; 
Oct. ’38, p. 429) 


ASCE to Hold International Meeting. The 
Institution of Civil Engineers of Great 
Britain and the Engineering Institute of 
Canada will be guests of the American 
Society of Civil Engineers at its Fall] meet- 
ing, to be held in New York, N. Y., Septem- 
ber 1939, in connection with the New York 
World’s Fair. A comprehensive program 
of technical meetings, social events, in- 
spections, and sight-seeing has been ar- 
ranged for the meeting, which will open 
September 4. The technical and some of 
the social aspects of the program will center 
around Columbia University, while its 
supplementary features will be in connection 
with the World’s Fair. 
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|| Section and Branch Activities 


Annual Report for 1938-39 


Tue following constitutes the annual re- 
port on Institute Section and Branch activi- 
ties for the fiscal year which ended April 30, 
1939. Similar information for three preced- 
ing fiscal years appeared in ELEecrricAL 
ENGINEERING for June 1938, pages 263-6; 
June 1937, pages 762-5; June 1936, pages 
752-4. 

Present members of the Sections com- 
mittee and the committee on Student 
Branches, which supervise the two impor- 


tant divisions of Institute activities covered 
by this report, are: Sections—H. H. Race, 
chairman, M. S. Coover, W. M. Dann, O. 
W. Holden, E. T. Mahood, I. Meiville Stein, 
W. H. Timbie, and, ex-officio, the chairmen 
of all Sections of the Institute; Student 
Branches—R. W. Sorensen, chairman, R. 
H. Dearborn, E. E. Dreese, W. C. DuVall, 
G. A. Irland, F. Ellis Johnson, C. W. 
Ricker, Charles F. Scott, E. M. Strong, and, 
ex-officio, all Student Branch counselors. 


Table I. Section Meetings Held During Year Ending April 30, 1939 
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Connecticut ete 266 26 fer, D143 54 Providence:) i704, 935.) “95.2 7a. Soe on 
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Lehigh Valley....... 197.. 193.. 9.. 96.. 50  Schenectady........ 397.. 428. .13..247.. 58 
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* Mansfield division of Cleveland Section became Mansfield Section March 6, 1939. 


Tt Organized January 18, 1939. 
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il. Section Meetings Held During Last 
_ Three Fiscal Years 


Fiscal Year Ending April 30 
1937 


1938 1939 


; Number of Sections. . 62 

Number of meet- 
BIG BEld inn Sonic. 

Average number of 
meetings 10.0... O65 9.5 

| Total attendance... .74,950 ..110,148 ..85,692 

_ Average attendance 

‘per meeting....... 


A LIN Re 67 


624 635 


APA Soe 177 135 


Secrion ACTIVITIES 


Two new Sections were organized during 
the year, San Diego in January, and Mans- 
field in March, bringing the total number to 
67. A Mansfield division of the Cleveland 
Section had previously been organized, and 
had held three meetings while securing a 
sufficient number of new members to meet 
the requirement for a Section. 

All of the Sections were active during the 
past year. The total number of meetings 
reported to headquarters was 635, the larg- 
est number ever reported, which indicates 
that the increase in activity noted in the 
two fiscal years immediately preceding has 
been maintained. 

President Parker visited many Sections, 
and his addresses were enthusiastically re- 
ceived. 

The name of the Detroit-Ann Arbor Sec- 
tion was changed to Michigan Section with 


Table Ill. Prizes Awarded by Sections 
Number 
of Papers 
Section Presented Amounts of Awards 
EXO MSEOR oe cals ccc vs ate abe ee $10, $5 
POW eee i ee iss lee eS $25 and Standard 
Handbook 

Los Angeles........ Gi 2 eit. $15.00 
EVAIGIS cc aiatcinic 2 8s cis Orns ese $15, $10, $5 

Se aes 215, $10, $5 
Minnesota......... Be Se rei $15, $10, $5, $5 
New Orleans....... OA A eee - Attendance prize 
ING Wine OF KR: ae mains 3 Caen $25, $10 
Oldahomia CIty. .i5..006 = eieiois © $15, $10, 35 
PLEESHekd © oie et os Beeece se $15, $10 
PPOCEIARG ng oe oe wale yeh 210 
SEREOUIS . fen toec win Bio, sate ait $15, $10, 5 
San Francisco...... Snow Recs == $10 
Schenectady*...... (SR eine $25 (divided) 
"EOLONTO os 55 wise soles Cee ee Two prizes 
SPAS ero elats aisle ay a¥alints tele ela e Sl Three prizes 
ital cc geatois: = casi Be ccciuaaes $10 


* Two meetings in competition between Sections. 


no change in territory. The San Francisco 
Section Territory was expanded to include 
six counties in western Nevada. 

The group and special meeting plans in- 
augurated in previous years by many Sec- 
tions were continued with excellent success, 
and a few new groups were organized. The 
meetings of these groups are reported in 
table I. 

The Cleveland Section organized a tech- 
nical group which held five meetings. The 
Philadelphia Section organized a com- 
munication group, and also inaugurated a 
weekly luncheon club. The name of the 
electrophysics group of the New York Sec- 
tion was changed to basic science group. 
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Branch Meetings Held During Year Ending April 30, 1939 


Table IV. 
Meetings 
During Year 
3g 
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Meetings 
During Year 


of Talks by Students 


Average Attendance 
Approximate Number 


Number 


Branch 


Akron, University of.............. Cis 
Alabama Polytechnic Institute... .. VY Aeee in oe 
Alabama, University of............ US we 
Arizona, University of............. YG Oc oki 
Arkansas, University of..........., 16 he S05. wo 
Armour Institute of Technology....12 .. 44..... 
British Columbia, University of....18 .. 23., 21 
Brooklyn, Polytechnic Institute of 

Day Divison... ..cketwies se ick Vie Ole, 2 

Evening Division...¢..56s..050 Be oe. 4 
Brown University. occ. c csc ca can OR AS 
Bucknell University............... 1: Ge ak cea: | 
California Institute of Technology..22 .. 38.. 4 
California, University of........... Poh ES a8} 
Carnegie Institute of Technology...26+.. 49.. 22 
Case School of Applied Science.....18t.. 62., 23 
Catholic University of America.... 5 .. 14.. 2 
Cincinnati, University of.......... Ae 6 lear 6 
Clarkson College of Technology.... 7 .. 30..... 
Clemson Agricultural College....... (OS eA NY 
Colorado State Agricultural College. 7 .. 15.. 3 
Colorado; University of. ......6008 12) 2. 56. 3 
Soltumbia University. ..c.. 0.00001. Powe Ot 2 
Cooper Union 

PIES MOT CISION.’ AWerckre ca ciawloleeonls Lhe 6 PII ed 

Byening Divisions. «oh cicle ond «wis OF oO) eG 
Cornell Wniversity:. . jou. ss oe en o> SB wie. 4 
Denver, University of............. Shope Osa 
Detroit, University Of... .. 60.5.0 +. rea Nien 
Drexel Gnstrerles so s.6 5:4 esters oes sm cane LGe ee cOe. 
Ere MOMIVETOLLY nt cia sn oe ees re sey ee ee 
Florida, University of............. iZee eae oo 
George Washington University..... 8) ep SA 33 
Georgia School of Technology...... 6 .. 76...,. 
Harvard Wniversit yi... 0s cae ecee Js 5 elf Cae oOn 
idaho; University Of 5 58 be ces Oy, 47. 1 
Tifinois. University Of..;..00cu0cs.6 6». S5.. 2 
Iowa State College.............++: | leek at ot ar 
Tows, Unversity Of... 5600 52 Seow 167 ,. 36 17 
Johns Hopkins University......... ibe Pee eli) 
Kansas State College..............18f.. 97.. 19 
Kansas, University of ..5.....:...: Ol apres 5 
Kentucky, University of...........19 ..125.. 3 
Tatayette SOUe ges seas crates «12 seo) OM mw Ont Ie 
Dehigw wl Versiey: 6. <iscas cele cee Sard OS... EL 
PS Wis RUBFIENLG ool ciess) e's istetse Seine ee Sy O2i sear 
Louisiana State University......... Die 2k... 4 
Louisville, University of........... TOr na tS. to aS 
Maine, University of.............- 9 15. 4 
Marquette University............. en Dee, wit 
Maryland, University of........... 8 .. 26.. 7 
Massachusetts Inst. of Technology..14 .. 53. 5 
Michigan Col. of Mining & Tech- 

MONGL Vis suse en oar Dele ne els Bie Fao 1 
Michigan State College............15 .. 28..... 
Michigan, University of..........- is Oasis in3 
Milwaukee School of Engineering... 7 .. 53.. 7 
Minnesota, University of.......... Lh ty TR 
Mississippi State College........... bd .. 46 1 
Missouri School of Mines & Metal- 

{eden ih, Annee Ole 5 SO emiOer not Gr enor Dig tenn 4 
Missouri, University of............ 9 .. 34. 4 
Montana State College............27f.. 30.. 84 
Nebraska, University of.........-. igre, 45; . 12 
Nevada, University of..........+-: 10m. 41; 2 
Newark College of Engineering.... 2 .. 48..... 
New Hampshire, University of..... pl) SOAR °C 
New Mexico State College*........ te oe Alias 


New Mexico, University of......... (iene an 9) 
New York, College of the City of 
MaviDivislon siaqntcoe toner: Neary ly Bure 


Wvening TDi vislomacy oh ceo anetei ermtaenae tT 
New York University 


De yy Divisions esis inmoxedrtecuetenn Aue wie 1 

IS VENINR VISION aivca crraiachiveeatoattncein ne eaten 
North Carolina State College....... MF ey COUG ale) 
North Dakota State College........ Ohya 2. sae 
North Dakota, University of....... Lo Mi selauaece 
Northeastern University...........15 .. 56.. 3 
Northwestern University,......... Fie tere BO Weire st 
Notre Dame, University of........ Boa. Ovlas, Ao 
Ohio Northern University.......... opt OUGeT NO 
Ohio State University............. lie ath, 65) 
OhigiWniversttyiace mace rsh ee ee ae one 
Oklahoma A. & M, College........ 10 ..143. a 
Oklahoma, University of........... 10) 3 poe tee 
Orecom: State, Collegety.s.viciucdnn ibe nity otal 
Pennsylvania State College...,.... 5 ..106..... 
Pennsylvania, University of........ Site on ee 0 
Pittsburgh, University of.......... 144... S622 8S. 
Porto Rico, University of.......... if Semele see 
Pratt Institates;..5 .010rts eens 14... 48.. 4 
Princeton University... is. 0.a0+-* « 5. USS 
Purdue) University...07. oie cnt oles eee OU Met ele 
Rensselaer Polytechnic Institute... 4 .. 95..... 
Rhode Island State College........ Hoc Seng 2 
Riceslustttnute: eacvar arr see steel tee Maing. Gielen, 2 
Rose Polytechnic Institute......... 4 .. 265 6 
Ristgers) University sels tei atads ro) een ce onsale 
Santa Clara, University of.........10 .. 25.. 8 
South Carolina, University of......12 .. 26..... 
South Dakota State College........10 .. 18.. 3 
South Dakota State School of 

Mian e's re iateretetebats tevelover Teusyec sith cae Keauis NBS Bap BiG 
Southern California, University of..16 .. 18.. 6 
Southern Methodist University..... § ee 30s o 


Stanford University..........-: 
Stevens Institute of Technology............+++465 


Swarthmore College........-.:---- 8 .. Il..... 
Syracuse University...............19 .. Sta ee 
Tennessee, University of........... 5 .. 39..... 
TexassA, 6& Mis Colleges) vss. 56 sens ie: CA ie 
Texas Technological College........ te eee XS 
Texas, University Otis vecsineirs «a ss 9 £. 69% 2 
Mitts (Colleges sa. radonee ees CaSO 5 
Tilane: Universttyin.: sins n-ne 2 eel Die Zita oS 
(Winton College iiierns eich cu eeiuaner © Fie eb erereiers 
Witahy University ol7i... -2615 is Lie Boe ak 
Vermont, University of.......,...-11 .. 24.. 3 
Villanova College. .c...c.ccecces es Gua bles 2 
Virginia Military Institute......... LO fence 
Virginia Polytechnic Institute......18 .. Wee 5 28 
Virginia, University of...........+. BH en PAs 2 
Washington, State College of....... TES put vere te 
Washington, University of......... Tea So. ee 
Washington University............ 8 .. 42. 2 
West Virginia University.......... A Tumaiee 2 anh, 
Wisconsin, University of........... Mare Li ryote 
Worcester Polytechnic Institute.... 9 .. 87.. 2 
Wyoming, University of.........-. Oye ae aetene, mex! 
Wale) Writversity seus ls eisss sielselris nse ors Fae fee WER bol 

PAteotiea ee teal ca eere Miasssozevistc ol adiaiotin leedeteaso\els bllsy 725 

Total number of meetings...........+-- 1,190 

Rotal attendanees onsaecrels eins vessel 53,380 


* Authorized by Executive Committee, December 16, 1938. 
+ Attendance at all or nearly all meetings required by facu 


chairman of committee on Student Branches. 
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Ity, as indicated in questionnaire distributed by 
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Table V. Branch Meetings Held During Last 


Three Fiscal Years 


Fiscal Year Ending April 30 
1937 1938 1939 
Number of Branches... 119 .. 120 .. 120 
Number of meetings 
held Naticco titties 9 1,363 .. 1,384 .. 1,190 
Average number of 
meetings.......... WOE G estas 9.9 
Total attendance..... 46,121 ..60,446 ..53,380 
Average attendance 
per meeting........ 33.8... 45.3.. 44.8 
Number of student 
talkcsHi sor serch os 1,130 897 an 26 


The Michigan Section held a series of round- 
table discussions. 

The Portland Section held classes in 
symmetrical components. The power group 
of the New York Section offered courses in 
structural planning and design, electrical 
engineering review, engineering economics 
and practice, law for engineers, public 
speaking, television, and diathermy and 
X rays. 

The Pittsfield and Schenectady Sections 
held their tenth annual competition in two 
joint meetings, one in each city, with three 
speakers representing each Section at each 
meeting. Prizes of $15 and $10 were 
awarded at each meeting. 

Brief information regarding prizes offered 
by a considerable number of Sections is 
given in table III. 

The Toronto Section continued its prac- 
tice of holding meetings of the discussion 
group and the technical discussion group 
immediately preceding a large majority of 
the regular Section meetings. 

The Cincinnati Section continued with 
good success its meetings of the study- 
discussion group for consideration of articles 


in ELECTRICAL ENGINEERING dealing with 
professional development and engineering 
education. 

The executive committee of the New 
York Section requested that the members 
of the Section indicate on a return post card 
their reactions to a proposed amendment to 
the state education law tending to make 
mandatory six years of scholastic training for 
licensing as a professional engineer. Eighty- 
eight per cent of the approximately 1,700 
Section members who had voted by May 15 
were opposed to the proposed amendment. 

The committee on safety wrote the Sec- 
tions suggesting that each have presented a 
paper dealing with accident prevention or 
remedial measures after electrical shock. 
The replies indicated that in general the 
Sections were making arrangements to carry 
out the suggestion. 

Tables I, II, and III contain detailed in- 
formation on Section activities. Table VI 
gives a comprehensive record of co-operation 
between Sections and Branches. 


BrancuH ACTIVITIES 


A new Branch organized at the New 
Mexico State College restored the total 
number to 120, after the University of North 
Carolina Branch was discontinued due to a 
consolidation of the engineering school with 
that at North Carolina State College. 

The total number of Branch meetings was 
materially below the number reported for 
each of the two preceding fiscal years. Only 
one Branch failed to report any activity. 
Eighteen Branches held more than 15 meet- 
ings each, 61 held from 8 to 15, 32 held from 
4 to 7, and 9 held fewer than 4 meetings. 

President Parker visited a considerable 
number of Branches, some separately, and 
in a few cases he spoke at joint meetings 
attended by representatives of several 
Branches. He also attended the dinner 


Table VI. Section or Joint Section and Branch Meetings With Active Student Participation 


5 Student 
Sections Schools Date Talks Attendance 
Los Angelesaemss-sricninit cane California Institute of Technology 
ie ' University of Southern California....... O/1O/380.6 ee Ginter 105 
Cincimnationg ene University of |Cincinnatiinn. fae en /1 ose Sse 65 
New. Orleansae-y ere een Louisiana State University. ee OS / See eeeeae nnn 79 
Oklahoma City and Tulsa... . University of Arkansas 
Oklahoma A. & M. College 
Universityiot Oklahoman een Oy Layo Seen Oo Snare tate 110 
Portland..............,.....Oregon State College one eter DMA SS gee ak CEE 90 
Siew COMS TAs cect s oe Gen eee Missouri School of Mines & Met. 
University of Missouri 
Washington University.............. 5/20/38..... 5 88 
ital errs pn cciom tres. Ae University of tahini ae ee 5/23/38. . Bh ern 35 
INebraskamrmenror nis acumen: University of Nebraska........ AL OVA OSS) cn ae euthes ae 153 
Portland .ersae rae. Ho. 7 Oregon’ StateiCollege....-) nn ALY AIRS YER eye, oc eur iD eae 93 
SaneAnloniower eee oe University of Texas........ PRS EIT ric ey See e 83 
pLOTONTOM gorse ane - University of Toronto....... PAA ate ce, 2 Aes Bee 70 
New Orleans ett. eee Munlanet University epee aime enn amen? 073 ome Can 75 
Dallas eer. teks ct ore Southern Methodist University... . 1.5105 0 122 
Nepraska os ccs ss... University of Nebraska........___ S/0/205 ae eee 8G 
Vancouver 5 iON OOO eRe RRS University of British Columbia..... : 3/6/39.... oe sa 37 
Kean saSe City, ane retcnwete: University of Kansas.............. SAIS oe a = ll 64 
ETOMSCON Ee ates es Siar: Rice Institiite: 1a" 0 a a | ein eee en se 
. Texas 7Ae& uM College murraeian nites 2273 One De ltee wae 76 
IVEIMMESO LAE Ness ae hie ee eet University of Minnesota............... SEL ZOO. <i ee 55 
LO Warten Nettie. c oe lore a es Iowa State College oan 
: Wniversity of) owaley eee eae VO OO ea, 8 82 
Central Indiana............. Purdue University..........._ NWO WIRETE pero clea 175 
DOK ANCE r is sceigi ss eleven erivsie 3 University ofIdaho = 8 | ea ee oe ; 
; Washington State College.............. CTSA: Rak Mega 1 67 
SATU AMMCESCO: sy ccc ee aie, ¢ coco University of California fda SN RSS 
University of Santa Clara 
Staniord Wniversity.a sl eee A239), veces Dierciesisns 100 
Motels 2 0lSechions SO \Branches. ne ices ssc secs cus, «en: 59 1,904 
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Table VII. Conferences on Student Activities 
District 
or 
Section Location Date 
Uberpatcneur Kansas State College, ; 
Manbhattanwncnenrcies<ece 5/7/38 
sieeve Lenox, Mass. 
(North Eastern District 
MEETING) sects eee 5/20/38 
8 and 9, 
University 
of British 
Columbia ... Portland, Ore. 
(Pacific Coast conven- 
COT)! coc iehe her haus, otl Hee 8/9/38 
2 eaten. Washington, D.C......... 11/4-5/38 
pe Miami, Fla. 
(Southern District meet- 
STIG’) snaivisicicc! Shegeaiaherae erent 11/28/38 
Pittsburgh 
Section...... Pittsburgh. eanaeiaene 1/10/39 
Cate a We Houston, Tex. 
(South West District 
Meeting) ciyrs starters tense 3/19/39 
Cianae Laramic, WYOi..0suee 3/21-22/39 


meeting held in connection with the con- 
ference on student activities of the Middle 
Eastern District, in Washington, D. C. 

On a questionnaire sent to the Branches 
by the committee on Student Branches, all 
except 6 of 62 replies indicated voluntary 
attendance and participation in the activi- 
ties. 

Although a large majority of the Branches 
had some papers presented by students, the 


Table VIII. 


Student Conventions 


Sponsor 
(District, Number 
Section, of 
or Student 
Branch) Location Date Papers 
(fA a Kansas State Col- 
lege, Manhattan....5/6-7/38....22 
eee, Lenox, Mass. 
(North Eastern 
District meeting). ..5/19-20/38.. 6 
8 and. 9; 
University 
of British 
Columbia .. Portland, Ore. 
(Pacific Coast con- 
VWEHtION) cic yeietere oe 8/10-11/38..10 
ce ng Miami, Fla. 
(Southern District 
BICEP) occas cece 11/28/38)5 206 
Pittsburgh 
Section..... Pittsburgh, Pa...... 1710/39 ee eee 4 
ie ee Houston, Tex. 
(South West Dis- 
trict meeting)...... 4/18-19/39..14 
Gaines University of 
Wyoming, Laramie .4/21-22/39...9 
By Enea ciere! 
New York 
Section..... Cooper Union, 
New VorksNee vv, .4/27/ Soe 6 
Purdue 
University 
Branch..... Lafayette, Ind...... 4 29/3 One 2 


total number of such papers was far below 
the number in each of the two preceding 
fiscal years. This important phase of 
Branch activity should receive increased 
attention. 

Of 1,564 enrolled students whose terms, 
according to Institute records, were expected 
to expire on April 30, 1939, 849 or about 54 
per cent applied for admission as Associates. 
Some of the students were eligible to con- 
tinue enrollment because they had remained 
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in school. For the preceding fiscal year, 

_ the corresponding figures were 1,474, 703, 

- and about 48 per cent. 
‘ Students have continued their active par- 
ticipation in the Pacific Coast convention 
and District meeting programs. Student 
sessions were held as follows: North East- 
ern District meeting, Lenox, Mass., May 
18-20, 1938, 1 session, 6 papers; Pacific 
Coast convention, Portland, Ore., August 9- 
12, 1938, 2 sessions, 10 papers; Southern 
District meeting, Miami, Florida, Novem- 
ber 28-30, 1988, 1 session, 6 papers; South 
West District meeting, Houston, Texas, 
April 17-19, 1939, 3 sessions, 14 papers. 

The committee on safety, with the ap- 
proval of the committee on Student 
Branches, wrote the counselors of the 
Student Branches suggesting that each 
Branch have presented a paper dealing with 
the prevention of accidents or remedial 
measures after electrical shock. The re- 
plies indicated much interest in carrying out 
the suggestion. 

Tables IV and V contain information on 
Branch meetings, table VI gives a record of 
co-operation between Sections and Branches, 
and tables VII and VIII present sum- 
marized data on student conferences and 
conventions. 


AIEE National Prize Awards 
Announced for 1938 Papers 


After consideration of all eligible papers, 
the AIEE committee on award of Insti- 
tute prizes has announced the national 
prize awards for papers presented during 
1938. The award for best paper in public 
relations and education is the first since 
1936, and in accordance with the provisions 
of the present rules, the committee consid- 
ered all papers under this classification pre- 
sented since that year. The prizes will be 
presented during the Institute’s combined 
summer and Pacific Coast convention, San 
Francisco, Calif., Jume 26-30. The com- 
mittee consists of H. S. Osborne, chairman, 
J. W. Barker, E. C. Crittenden, and I. 
Melville Stein. 

Papers and their authors receiving awards 
in the various classifications are as follows: 


Best PAPERS 


Best Paper in Engineering Practice. This prize 
was awarded to C. F. Wagner (A’20, M’27) for 
his paper ‘‘Unsymmetrical Short Circuits on Water- 
Wheel Generators Under Capacitive Loading,”’ 
published in ELecTricaL ENGINEERING (AIEE 
TRANSACTIONS) for November 1937, pages 1385— 
95, and presented at the winter convention, New 
York, N. Y., January 24-28, 1938. 


Honorable mention was made of the following 
papers: ‘‘A Carrier Telephone System for Toll 
Cables,” by C. W. Green (A’l , M’26) and E. I. 
Green (A’23, M’30) presented at the winter con- 
vention, New York, N. Y., January 24-28, 1938, 
and published in the 1938 TRANSACTIONS (May 
section) pages 227-36; “‘The PCC Street Car,” 
by C. F. Hirshfeld (A’05, F’36, deceased) presented 
at the winter convention, New York, N. Y., 
January 24-28, 1938, and published in the 1938 
TRANSACTIONS (February section) pages 61-66. 


Best Paper in Theory and Research. This prize was 
awarded to K. S. Wyatt (A’32), D. L. Smart 
(A’37), and J. M. Reynar, for their paper ‘“‘Me- 
chanical Uniformity of Paper-Insulated Cables,” 
published in the 1938 TRANSACTIONS (March sec- 
tion) pages 141-54, and presented at the winter 
convention, New York, N. Y., January 24-28, 


1938. 


Honorable mention was made of the paper “Am- 
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plitudes of the Magnetomotive Force Harmonics 
for Fractional Slot Windings,” by J. F. Calvert 
(4°27, M’35) presented at the summer convention, 
Washington, D.C., June 20-24, 1938, and published 
in the 1938 TRANSACTIONS, pages 777-84. 


Best Paper in Public Relations and Education. 
This prize was awarded to R. W. Sorensen (A’07, 
F’19) for his paper ‘“‘The Economic Status of the 
Engineer,” published in the 1938 TRANSACTIONS, 
pages 786-9, and also in ELecTRICAL ENGINEERING, 
July 1938, pages 281-85, and presented at the sum- 
ec” Washington, D. C., June 20-24, 


INITIAL PAPER 


Prize for initial paper was awarded to S. J. Rosch 
(A’15) for his paper ‘The Current-Carrying Ca- 
pacity of Rubber Insulated Cables,’’ published in the 
1988 TrRANsacTions (March section) pages 155- 
67, and presented at the winter convention, New 
York, N. Y., January 24-28, 1938. 


Honorable mention was made of the following 
papers: ‘Noise Co-ordination of Rural Power and 
Telephone Systems,’ by H. W. Wahlquist (M’36) 
and T. A. Taylor (A’30, M’36) published in the 
19388 TRANSACTIONS (November section) pages 
613-20, and presented at the winter convention, 
New York, N. Y., January 24-28, 1938; ‘“‘A Sym- 
bolic Analysis of Relay and Switching Circuits,’ 
by Claude E. Shannon, published in the 1938 
TRANSACTIONS, pages 713-23, and presented at the 
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summer convention, Washington, D, C., June 20- 
24, 1938. 
Brancu Paper 


Prize for Branch paper was awarded to John L. C. 
Lof for his paper ‘‘A Method for Determining the 
Efficiencies of Small Motors From the Heat Due to 
Eddy Currents.”’ 


Honorable mention was made of the paper ‘‘An 
Investigation of Some of the Properties of a Non- 


Linear Circuit,’’ by R. W. Warburton and W. W. 
Murdoch, 


Awards being made by the various AIEE 
Districts for 1938 papers will be announced 
in future issues, as this information becomes 
available. 


Physics Meeting in Switzerland. Members 
of AIEE are invited to attend an Inter- 
national Meeting on Physics which will be 
held in Zurich, Switzerland, September 
4-16, 1939, in connection with the Swiss 
National Exhibition. The meeting, which 
is sponsored by the Federal Institute of 
Technology of Switzerland, and the Physical 
Society of Zurich, will include a two-day 
program on television, the same time as the 
second international television meeting. 
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Questionnaire on Patents 
for Engineers and Inventors 


As announced in the February 1939 issue 
(page 88) American Engineering Council 
has undertaken a factual inquiry into the 
American patent system in co-operation 
with the National Association of Manu- 
facturers and the National Industrial Con- 
ference Board. It is considered of primary 
importance in this inquiry to ascertain 
whether patents have had their intended 
usefulness to the engineer as an inventor. 
Has he been able successfully to put to use 
his inventions and derive a satisfactory 
benefit from them? Does the patent pro- 
vide him with a positive and effective means 
to assert his claims against others who have 
devised similar technical improvements? 
What channels have been made available 
to him through the patent to convey title to 
his invention to those who can make best 
use of it, and what obstacles has he en- 
countered? 

To obtain a broad and representative 
cross section of the experience of engineers 
at large, a questionnaire has been pre- 
pared by F. E. Raymond, director of the 
joint patent inquiry. Some of the more 
significant questions included are: 


1. How have you put your patents to use? 
2. What are the principal reasons for the non-use 
of your patents? 


3. Have you encountered any premeditated op- 
position from others to the working or use of your 
patents? 


4. How many of your patents have been involved 
in litigation? 

5. Have any of your patent applications been 
denied? 


6. What rewards or satisfactions (other than 
monetary) have come to you through your patented 
inventions? 
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All AIEE members who have had any 
experience with the patent system are urged 
to request a copy of this questionnaire from 
American Engineering Council, 744 Jack- 
son Place, Washington, D. C., fill in the an- 
swers to the various questions, and return 
it promptly to Council headquarters in order 
that the joint patent inquiry may have 
available the broadest possible cross section 
of experiences of electrical engineers. All 
replies will be treated strictly confidentially. 


Federal Public Works Agencies 
Combined by Presidential Order 


Exercising the authority granted him 
under the new reorganization act, President 
Roosevelt on April 25 submitted to Con- 
gress the first of three plans for re-grouping 
the functions of various agencies of the 
Federal Government, to become effective in 
60 days unless disapproved, as a whole, by 
a majority vote of both the Senate and the 
House of Representatives within that period, 
or unless Congress in the meantime ad- 
journs. Since the House on May 3 voted 
down a resolution of disapproval, only an 
early adjournment could prevent its taking 
effect on June 24. To the Federal Works 
Agency proposed by the President will be 
transferred the functions and personnel of 
“those agencies of the Federal Government 
dealing with public works not incidental to 
the normal work of other departments, and 
which administer federal grants or loans to 
state and local governments, or other 
agencies, for the purpose of construction.” 

Transferred to the Federal Works Agency 
will be the Bureau of Public Roads, now in 
the Department of Agriculture; the Public 
Buildings Branch of the Procurement Divi- 
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sion, Treasury Department (which designs 
and supervises construction of federal build- 
_ings in all parts of the country); the Branch 
of Building Management of the National 
Parks Service, Department of Interior, 
which selects sites for and determines the 
order of construction of public buildings in 
the District of Columbia; the United 
States Housing Authority, now in the De- 
partment of the Interior (slum-clearance); 
the Public Works Administration; and the 
Works Progress Administration (both inde- 
pendent agencies set up on a temporary ba- 
sis). Still unchanged is the present super- 
vision of the Corps of Engineers over river 
and harbor improvements and flood con- 
trol works, since this agency was specifically 
exempted by the reorganization act. 
Heading the new agency will be a Federal 
Works Administrator, to be appointed by 
the President with the advice and consent 
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of the Senate, at a salary of $12,000 per 
year, and an Assistant Federal Works 
Administrator at $9,000. In general, the 
present heads of the units transferred to the 
agency will be retained and will report to 
the Administrator. Any personnel in ex- 
cess of the needs of the new agency will be 
transferred to other government posts or 
given a preferred status on eligible lists for 
future employment. 

The general plan for reorganization, as 
set forth in the President’s message, envi- 
sions two additional new agencies to be 
known as the Federal Security Agency and 
the Federal Loan Agency. The present 
major independent agencies of the govern- 
ment (except those exempted by law) will 
be attached either to one of these three, to 
one of the ten existing executive depart- 
ments, or, in a few instances, to the White 
House executive office. 


The Place of the IEC 


in Electrical Standardization 


In an effort to acquaint the Institute 
membership more fully with the standards 
activities of the Institute, the AIEE stand- 
ards committee, through its newly appointed 
subcommittee on publicity, has initiated a 
series of articles for publication in ELEc- 
TRICAL ENGINEERING. The first, published 
in the April issue, discussed the interre- 
lations between the Standards activities 
of the AIEE and of the American Standards 
Association. Inthe May issue, the appoint- 
ment of four co-ordinating committees of the 
standards committee was announced, and 
one of these four committees announced 
its objectives and tentative plans of action. 
In the following item, the work of the In- 
ternational Electrotechnical Commission 
and its relationship to the Standards activi- 
ties of the Institute are discussed. It was 
prepared by J. W. McNair (A’25) secre- 
tary, United States National Committee 
of the IEC, and electrical engineer, Ameri- 
can Standards Association. 

The International Electrotechnical Com- 
mission (IEC) was founded in 1906 as a 
result of the resolution passed by the cham- 
ber of government delegates at the Inter- 
national Electrical Congress in St. Louis, 
Mo., in 1904. Its object is to provide 
permanent machinery whereby any inter- 
national problem of standardization in the 
electrical field may be given continuous and 
effective study. It is composed of 26 na- 
tional committees which are representative 
of all sections of electrical industry in their 
respective countries. The IEC undertakes 
problems of electrical standardization when 
requested to do so by the electrical industry 
of any country speaking through the me- 
dium of its national committee. 

The IEC is an example of the benefit of 
giving continuous study to difficult prob- 
lems as against the intermittent study for- 
merly given by infrequent international 
conferences, especially when the problems 
are complicated by constantly changing 
factors and by the economic conditions in 
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the different nations. Much of the work of 
the IEC is devoted to the preparation 
of internationally acceptable recommenda- 
tions used to facilitate international trade in 
electrical machinery and apparatus. These 
recommendations enable purchasers to com- 
pare on a uniform basis offers to supply ap- 
paratus regardless of from what country 
the bids are received. 

Much work has been done also on ques- 
tions of systems of electrical units and the 
naming of units and magnitudes, standardi- 
zation of letter and graphical symbols in 
the electrical field, and the preparation of 
an international electrotechnical vocabulary. 

The recommendations of the IEC repre- 
sent an international consensus of opinion 
and are accepted by the national com- 
mittees for international purposes. The 
national committees when accepting these 
recommendations are under no obligation 
to adopt these rules as their own national 
standards. It is understood, however, that 
they will use their best efforts to harmonize 
their national requirements with IEC recom- 
mendations in so far as conditions permit. 

The work of the IEC is carried forward by 
27 permanent advisory committees (see 
table). These committees are under the 
administrative direction of a particular 
national committee, known as the secre- 
tariat, which accepts this responsibility. 
The subjects cover various types of electrical 
machinery and apparatus, insulating oils 
and insulating materials, measuring in- 
struments, etc., and also include steam, 
hydraulic, and internal-combustion prime 
movers. The work has resulted to date in 
the approval of 24 IEC recommendations. 
Some of these have been revised several 
times in the effort to keep them up to date. 
In addition, there is a series of dimensional 
specifications for lamp bases and sockets 
and gauges therefor. Most of the IEC pub- 
lications and reports may be obtained from 
the American Standards Association, 29 
West 39th Street, New York, N. Y. 

Plenary meetings of the IEC are held 
every three years in the different countries. 
At these meetings all of the advisory com- 
mittees meet which have active work be- 
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fore them. In the intervals between ple- 
nary meetings, groups of five or six advisory 
committees having extremely active work 
before them meet twice each year. In 
1939 such meetings will be held in New 
York in September and in Zurich, Switzer- 
land, in October, the last plenary meeting 
of the IEC having been held in Torquay, 
England, in June 1988. 

The meetings in New York will be held 
September 5 to 8 and will cover the follow- 
ing subjects: transformers, hydraulic tur- 
bines, switchgear, internal-combustion en- 
gines, electric welding, insulation co-ordina- 
tion. The meetings in Zurich will be held 
October 2 to 5 and will cover the following 
subjects: graphical symbols, aluminium, 
electric-traction equipment, radio communi- 
cation, measuring instruments, electronic 
devices. 

The administrative affairs of the Com- 
mission are conducted by an executive 
group, known as the committee of action, 
which ordinarily meets once a year although 
it is empowered to meet twice a year if 
necessary. Between plenary meetings the 
committee of action is empowered to author- 
ize the publication of IEC recommendations. 
which have been submitted to, and voted 
favorably upon by, the national committees 
under a six-months rule. The Commission 
maintains a central office in London to 
manage its affairs. This office is under 
the direction of Charles le Maistre (A’12) 
who has been general secretary of the IEC 
since its organization. 


THE UNITED STaTES NATIONAL COMMITTEE 


The United States National Committee 
(USNC) was formed by the AIEE in 1906 
and was represented that year at the or- 
ganization meeting of the IEC in London. 
The AIEE continued to sponsor the USNC 
and defray its expenses, except for the con- 


International Electrical Projects Under IEC 


Procedure 
1. Nomenclature, U. S. National Committee 
2. Rating of electrical machinery, British National 
Committee 
3. Symbols, Swiss National Committee 
4. Hydraulic turbines, U. S. National Committee 
5. Steam turbines, U. S. National Committee 
6. Lamp caps and holders, Central Office 
7. Aluminum, Central Office 
8. Voltages and high-voltage insulators, Italian 


National Committee 

9. Electric-traction equipment, French National 
Committee 

10. Insulating oils, Central Office 


11. Rules and regulations for overhead lines, 
Belgian National Committee 

12. Radio communications, Dutch National 
Committee 


13. Measuring instruments, 
Committee 
14. Rating of rivers, U. S. National Committee 


15. Shellac, British National Committee 


German National 


16. Terminal markings, 
mittee 

17. Oil switches and circuit breakers, Swedish 
National Committee 

19. Internal-combustion engines, U. S. National 
Committee 

20. Electric cables, British National Committee 
21. Accumulators, German National Committee 


Dutch National Com- 


22. Electronic devices (for power applications) 

23. Electrical fittings 

24. Electrical and magnetic magnitudes and units 
25. Letter symbols 

26. Electric welding 

27. Electro-heating 
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tributions of money and services by in- committee. 


dividuals end companies, until 1920, when 
the desirability of broadening the base for 
the work became evident. Accordingly, 
an invitation was extended to, and accepted 
by, the American Society for Testing Ma- 
terials (ASTM), the American Society of 
Mechanical Engineers (ASME), the Na- 
tional Electric Light Association (NELA), 
and the National Electrical Manufacturers 
Association (NEMA) to participate in the 
work. Under these auspices the USNC 
functioned until 1982 when, on the initiative 
of the AIEE, an agreement was made with 
the American Standards Association (ASA) 
whereby the work was integrated with the 
broader field of the ASA, and the ASA as- 
sumed the administrative expenses of the 
USNC. 

A considerable simplification of the tech- 
nical organizations responsible for the work 
of the USNC took place as a result of the 
consolidation of the USNC work with that 
of the ASA. The USNC was originally a 
committee organized solely for IEC pur- 
poses, and the ASA had for many years an 
electrical advisory committee for its pur- 
poses. With the reorganization, this elec- 
trical advisory committee was reorganized 
and renamed the electrical standards com- 
mittee. The membership of this com- 
mittee consists of 18 representatives of 12 
member organizations. The AIEE, the 
NEMA, and the ASA electric light and 
power group have three representatives 
each, and the following organizations have 
one representative each: American So- 
ciety for Testing Materials, American 
Transit Association, Association of Ameri- 
can Railroads, ASA communication group, 
ASA fire protection group, Institute of Ra- 
dio Engineers, United States Department 
of Commerce—National Bureau of Stand- 
ards, United States Navy Department, and 
United States War Department. The 
USNC was then set up to be composed of 
the members of the electrical standards 
committee, plus three representatives from 
the American Society of Mechanical Engi- 
neers and a group of members-at-large dis- 
tinguished for their contributions to inter- 
national standardization work and elec- 
trical engineering in general. The chairman 
of the electrical standards committee since 
its inception, and in fact since the organi- 
zation of the old electrical advisory com- 
mittee, is C. R. Harte (A’10; M’32) of the 
Connecticut Company, New Haven. Sid- 
ney Withington (M’20, F’24) of the New 
York, New Haven and Hartford Railroad 
Company is vice-chairman. The president 
of the USNC is C. H. Sharp (A‘02, F’12) who 
has served in that capacity continuously 
since the consolidation in 1932 and for many 
years previous to that time. Other officers 
are: A. EB. Kennelly (A’88, F’13, HM’33) 
honorary president; and C. R. Harte (A’10, 
M’32) and H. S. Osborne (A’10, F’21) 
vice-presidents. IEE representatives on 
the USNC are: V. M. Montsinger (A’14, 
F’29), H. S. Osborne, and R. E. Hellmund 
(A’05, F’13); alternates: H. EE. Farrer 
(A’21), E. L. Moreland (A’11, F’21), and 
EB. B. Paxton (A’22, M’25). 

The USNC handles the technical work 
of the 27 IEC projects by assigning the 
primary responsibility for each to an in- 
dividual known as technical advisor. The 
technical advisor secures the broad opinion 
of American industry through an advisory 
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Prior to the consolidation, 


the USNC had specially organized groups _ 


of advisors for this purpose. Since the 
consolidation, the sectional committees of 
the ASA have served as the advisory com- 
mittees wherever there existed such com- 
mittees covering the work in question, 
Regular ASA committees now take care of 
the work in all but four cases. In the last 
few years the work of the IEC has been in- 
creasing so fast that if some consolidation 
had not been made much difficulty and con- 
fusion inevitably would have resulted. Un- 
der the procedure of the ASA, sectional 
committees are so organized as to contain 
representation of all branches of the elec- 
trical industry having a real interest in the 
work. In addition, the membership of the 


committees must be so arranged that neither 
the producers nor consumers have a ma- 
jority of the members. 

In all this work, the AIEF is continuing 
to play the vital part which it has since the 
inception of the work of the IEC. The In- 
stitute has an ideal setup for conducting 
the underlying discussions and research 
work necessary for the development of 
new standards and for revising old standards 
to bring them in line with the ever-changing 
conditions of present-day industry. The 
material thus developed, when fed into the 
regularly organized machinery of the ASA 
and, where desirable, on to the ITEC, con- 
stitutes the basis for American Standards 
and the American point of view on inter- 
national standards. 


Reners to the Editor 


CONTRIBUTIONS to these columns are invited 
from Institute members and subscribers. They 
should be concise and may deal with technical 
papers, articles published in previous issues, or other 
subjects of some general interest and professional 
importance. ELECTRICAL ENGINEERING will en- 
deavor to publish as many letters as possible, but of 
necessity reserves the right to publish them in 
whole or in part, or reject them entirely. 


ALL letters submitted for consideration should be 
the original typewritten copy, double spaced. Any 
illustrations submitted should be in duplicate, 
one copy to be an inked drawing but without 
lettering, and the other to be lettered. Captions 
should be furnished for all illustrations. 


STATEMENTS in these letters are expressly under- 
stood to be made by the writers; publication here 
in no wise constitutes endorsement or recognition 
by the American Institute of Electrical Engineers. 


Electricity for 
Treasure Island 
To the Editor: 


I note that in the article entitled ‘‘Elec- 
tricity for Treasure Island’ in the April 
issue of ELECTRICAL ENGINEERING, con- 
trast is drawn in several places on pages 
150 and 151, between ‘‘fluorescent’’ lamps 
and ‘“Mazda”’ lamps. This is an unfortu- 
nate error; the term ‘“‘Mazda”’ is applied by 
the manufacturers to both fluorescent and 
incandescent lamps. 


Very truly yours, 
W.S. H. Hamitton (A’19, M’26) 


(Chairman, AIEE Committee on Transportation; 
Equipment Electrical Engineer, New York Central 
System, New York, N. Y.) 


The Student Engineer 
and ‘Electrical Engineering’ 


To the Editor: 

I wish to amplify the importance and 
utility of the student engineer and his 
place in the engineering journal as brought 
to light so nobly by Doctor Sorensen (EE, 
April ’39, p. 181-82). If we were to glance 
over the other national engineering so- 
ciety publications, we would readily feel 
that we were acting in a negative direction 
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as far as student activities are concerned. 
If we were to retrocess the past several 
months we would find numerous data in 
ELECTRICAL ENGINEERING which has for its 
main theme ‘‘the student engineer.’”’ The 
student in these articles was inoculated 
with much ingenious material of a valuable 
future nature. This material was given 
much care and detailed thought as pointed 
out in the symposium dealing with ‘‘Co- 
ordination of Physics With Electrical Engi- 
neering,” ‘Graduate Training for Engi- 
neers,” ‘Training Engineering Graduates in 
Industry,” and many others. All the 
articles were either written by engineers in 
industry, or by engineering educators, 
aimed directly at the student. The student 
then becomes similar to the defendant 
before the judge in which he has little or 
nothing to say. We could offer remedially 
in the case of the student the ‘‘Sorensen 
Method” or the student page. As matters 
stand at present we do not have a perfect 
equilibrium because the student does not 
have any medium in which to express his 
viewpoints, the viewpoints being along the 
lines of student training, graduate courses, 
engineering and mathematics, and many 
others. 

In relation to student graduate courses 
most men feel that after they have put in 
four years of time, energy, and money in an 
engineering course, they are desirous to go 
in the field and apply their potential abili- 
ties. The average student after four years 
in college finds his interest at a minimum 
and has no desire to continue his course 
immediately. My observation has been 
that some students have in mind at the 
time of graduation the intent of going back 
to school, either night or day, after one or 
two years in industry. At the time of 
graduation a very small percentage of the 
students have any definite specialization in 
mind. Those that have some definite 
thing in mind do not continue due to the 
lack of money, or because they feel that the 
school does not have ample facilities, to 
take care of their desires. Men in my 
class felt that specialization could be ob- 
tained more efficiently in industry. 

In the co-ordination of mathematics and 
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physics with engineering, most students 
felt that their knowledge of mathematics 
although they covered a two year period 
was insufficient to analyze and derive a 
large percentage of problems. This was 
especially true when the calculus had to be 
used whereby it acted as a medium in solv- 
ing problems. The general attitude of 
calculus as a tool in solving problems seems 
universal in most colleges in that the student 
dodges it as much as he possibly can. The 
reason in my opinion that a student and 
even practicing engineers avoid calculus as 
much as possible is due to their poor under- 
standing of the subject. Most men in my 
class felt that insufficient time was de- 
voted to physics, and that physics that in- 
volved an understanding of the higher 
mathematics was taught before the mathe- 
matics was taught. We all agreed, in- 
cluding the instructor, that if more time was 
spent on the fundamentals of physics less 
time in the future would have to be spent 
on electrical engineering. 

These are a few of the reactions of a class 
of electrical engineers to some of the phases 
of the art and science. If the student 
page were made part of the engineering 
journal much more detail could be analyzed 
by individual students, which would prove 
advantageous to instructor, industry, and 
student alike. 


Yours very truly, 


HERBERT JAY CoBss (A’39) 
(Jamaica, N. Y.) 


Engineering 
Education 
To the Editor: 


Of course every engineer is loyal to his 
Alma Mater—the best college in the world, 
with the best faculty, the best professors 
and teachers, the best alumni, and the best 
students. Rah! Rah! Rah! Now that we 
have that out of our systems suppose we, 
who are accustomed to deal with facts, 
prepare a little questionnaire to be submitted 
to the faculties of all the colleges except the 
one we honored by permitting it to engrave 
our names on some of its sheepskins: 


la. What proportion of your teaching force was 
receiving a salary of $5,000 or over from some in- 
dustrial organization, when you invited them to 
assist in preparing your young men to become 
engineers? 


1b. $2,500 to $5,000? 


2. What proportion of your 1938 graduates were 
more heaithy than when they entered college, be- 
cause of habits of exercise, study, rest, and diet you 
trained them to follow? 


3a. What proportion of your 1938 graduates were 
placed by your efforts in positions in keeping with 
the technical course you gave them? 


3b. - What was the average starting wage? 


4. Do you train ALL your graduates by forums, 
debates, etc., to know how to talk intelligently and 
convincingly on matters of concern to all citizens 
of the United States? (This would give them ability 
to Rone their ideas on engineering matters as 
well. 


There probably was a time when our 
colleges, to meet expenses, had to accept 
almost any boy left by devoted, self-sacri- 
ficing parents at the college gate. Now, 
however, the number of applicants has so 
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increased that the colleges in self-defense 
can select by rigid examination those whose 
qualifications make them the most promis- 
ing. The colleges cannot be blamed for 
the raw material turned over to them for 
polishing; rather they are to be commended 
for the results they do achieve with many 
unpromising specimens. 

In economics the law of supply and de- 
mand is often referred to, but in educational 
institutions the supply of students appears 
unlimited and the demand for graduates 
often seems nonexistent. As in the case of 
wheat and cotton, pork and beef, the trouble 
is underconsumption, and we must as a 
people learn to utilize more intelligently the 
thousands of young men who have received 
an engineering education. 

When these young engineers emerge with 
their sheepskins, they are of such an age 
that their chief aim in life is to have a home 
of their own. It would seem hardly more 
than fair that after four years of prepara- 
tion, they should be assured a modest salary 
which would enable them to be normal, use- 
ful, self-supporting citizens. After working 
faithfully for four years and completing a 
course of training prescribed by those who 
are paid to know how to prepare men for 
an engineering career, it is stark tragedy for 
a graduate to learn that his diploma is 
chiefly an expensive ornament. The col- 
lege which accepts tuition, should guarantee 
a technical job of some kind at not less 
than $30 a week to each graduate or so 
modify its courses of training that it will 
be able to do so. 

Until colleges perfect their four year 
courses of training for the engineering pro- 
fession, it is obviously futile to consider 
postgraduate work for, with properly ar- 
ranged four-year courses, postgraduate work 
should be unnecessary. 

Colleges should be developing not merely 
technicians, but useful citizens whose 
trained habits of thought and reasoning 
should enable them to lead the nation in its 
crusade “‘to establish justice, insure domes- 
tic tranquility, and promote the general 
welfare of all the people of the United 
States.” 


Very truly yours, 
Wo. B. Taytor (A’05, M’16) 


(Plympton, Mass.) 


A Modified Slip Test for Meas- 
uring Synchronous Reactance 


To the Editor: 


It has been my experience that the slip 
test originally proposed by Haga! for de- 
termining the direct and quadrature syn- 
chronous reactances? of salient-pole ma- 
chines quite frequently gives unsatisfactory 
results when performed in the usually pre- 
scribed way for power laboratory experi- 
ments. Several disturbing factors are those 
introduced by hunting due to slip-pulsation 
of magnetic reluctance; tendency of the 
generator under test to pull into step and run 
as a synchronous machine; and errors intro- 
duced in reading extreme deflections of 
ammeter (and voltmeter) needle when cor- 
rect conditions are finally obtained. 

In power laboratories where the equip- 
ment is available, a slightly different test 
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can be made which would seem to be more 
reliable and certainly more instructive to 
students interpreting the data for the first 
time. The set used in our laboratories was 
a three-machine set consisting of a d-c 
motor coupled directly to two 15-kva 
salient-six-pole a-c generators, one of which 
has a rotatable stator resulting from its elec- 
trodynamometer construction. With ma- 
chines wye-connected, the output of the 
fixed-stator machine was fed to the movable- 
stator unit and field adjustment made for 
approximately rated current of 40 amperes. 
Obviously this arrangement gives complete 
synchronism between the rotating field on 
the stator and the field structure of the 
machine under test. By rotating the stator 
through some 180 electrical degrees, the 
entire periodic variation of synchronous 
reactance could be observed from the read- 
ings of ammeter and voltmeter, while for 
any fixed position of the stator, readings 
were entirely steady. 

The results showed a quadrature-axis 
reactance of 2.3 ohms per wye phase, and a 
direct-axis reactance of 3.6 ohms, the latter 
value being identical with the usual syn- 
chronous reactance determined from short- 
circuit data and the air-gap line for the 
magnetic circuit of the machine. 

It might be mentioned that this test 
could also be performed with a two-machine 
set if the driving unit were a synchronous 
motor. However, in this case some means 
might have to be available for controlling 
the alternating voltage impressed on the 
generator under test. 
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Yours very truly, 
Henry B. HANSTEIN (A’26) 


(Instructor in electrical engineering, College of the 
City of New York, N. Y.) 


Tensors and 
Electrical Networks 


To the Editor: 


As I noted in a letter published in the 
January 1938 issue of ELEcTRicaL ENGI- 
NEERING, a widespread misconception has 
been created as to what tensors will do in 
the theory of electrical networks. As 
pointed out, Professor Struik, in a set lec- 
ture before the American Mathematical 
Society, said that tensor analysis as used 
by Kron enabled one to transform one 
network into another. The quotation to 
the same effect in the present discussion 
is from Kron’s new book on tensors (‘“Ten- 
sor Analysis of Networks,’’ Gabriel Kron, 
John Wiley and Sons, Inc., New York, 
1939). Professor Synge, who has ad- 
dressed the AIEE (1935 Summer convention, 
Ithaca, N. Y.) and the American Mathe- 
matical Society (last St. Louis meeting) on 
tensors and the application of tensor analy- 
sis to electrical-network theory, has written 
me to the effect that he has understood 
that this type of transformation was pos- 
sible. Statements to the same effect have 
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been made publicly before the Society for 


But figure 4 is in disagreement with figure 3 
the Promoiion of Engineering Education. i oe 


In the analysis which follows I examine 
this claim critically and find it to be almost 
baseless. For the sake of clarity, I have 
taken the simplest possible network but the 
argument can be generalized to networks of 
any complexity. 

In vector analysis, a tensor means a linear 
vector operator or dyadic giving a col- 
lineation or affine transformation. In ten- 
sor analysis the tensor is defined more 
broadly by a law of transformation with 
respect to the totality of co-ordinate sys- 
tems of the linear group. The older view- 
point of vector analysis was implicit in my 
original note ‘‘On the Impedance as a 
Tensor” (Philosophical Magazine, June 
1924, page 1094), in the later papers of 
Kron and Sah on dyadics, and in the funda- 
mental monographs by Cauer, Quade, and 
Burington on matrices. The newer view- 
point is desirable in certain branches of 
geometry, certain geometrical interpreta- 
tions of dynamics, and is necessary in the 
theory of relativity, but in the theory of 
electrical networks it is not mecessary nor, 
as will be proved, generally applicable. 

Let h, In, .. be the currents in the branches 
of an electric network, say the network 
having the delta connection represented in 
figure 1, and consider the transformation 


I, = qi’ + I,’ ae I;' 
ne I,’ + I;' (1) 
Ts a T;’ 


selected at random. As all admissable co- 
ordinate systems are on a parity in the ten- 
sor viewpoint, the primed currents must be 
branch currents: implying figure 2. But 


Figure 2 


Figure 1 


by Kirchhoff’s condition at the junctions, 
as ordinarily understood, the nullity of figure 
2 is different from that of figure 1. Hence 
figure 2 is ruled out and the primed vari- 
ables cannot have the same physical inter- 
pretation as the unprimed. Only the latter 
are true branch currents and the former are 
merely linear combinations of them having 
no proper graphical nor physical inter- 
pretation. Hence the graph of the new 
variables, if there is one, must be figure 3. 

But the admissibility of figure 3 is not 
Consider the Kirchhoff constraints 


secure. 
NI = O for figure 1, where 
(Q)) ahaa I, 
N= is Gal if | Je: 
—1-1 0 I; 


Under the transformation (1) they become 
NAI' = 0 where 


i ala OQ 2 
AS || @ tou NA = i ik 2 
Cm Oat za lo 2 


From the tensor principle of parity of co- 
ordinate systems NA implies figure 4 in 
the same way that N implies figure 1. 
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and the two figures are reconcilable only 
when J, => In = Ts =0) 

We may describe this situation by saying 
that the branch currents form an absolute 
reference system. The only admissible 


Figure 3 


Figure 4 


transformation of them in the tensor sense 
is the identity. 

There is also evidence that the junction 
points form an absolute reference system 
in a similar way from the fact that most 
transformations on them lead to meaning- 
less corresponding graphs; for example, the 
derived incidence matrix given by Profes- 
sor Tucker in ELeCTRICAL ENGINEERING, 
May 1937, page 620, has no graphical or 
physical interpretation. 

It has been claimed recently that “‘it is 
possible to establish a non-singular trans- 
formation matrix between any two n-coil 
networks, no matter how many meshes, 
junction pairs, and sub-networks each one 
has.”’ As this result is in conflict with the 
findings here given if the transformation is 
on the branch currents, and in conflict 
with dynamics if on the loop currents, a 
critical examination of this much-heralded 
result of the tensor viewpoint becomes 
necessary. 

Consider the problem of finding the 
transformation which will carry the series 
connection of figure 5 over into the parallel 
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Figure 6 


connection of figure 6. Our procedure may 
be as follows: 

First, introduce the loop-currents proper 
4', 11",-42". 

Second, extend the graphs to figures ffs teh 
respectively. 

Third, introduce the loop currents 
ig’, is’, is” as required by the nullity of the 
new figures. 

Fourth, write down the relation between 
the branch currents and the loop currents 
for the respective cases: 


q, il, alse) 1 
In| = |—1 0/0 to, 
Ts —-101 13 
qj ee Li as 
IT; = |—1 ib 6) 12 
I; 0 —1 0} [2s 


These equations may be written 
I’ = Cie! J’ = (GA! 


where the primes and double primes dis- 
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Figure 7 


Figure 8 


tinguish the columnar matrices in the two 
cases. 

Since Ci, C; represent, in an obvious way, 
the graphs of figures 7 and 8, respectively, 
and since we can write 


Cy = (C,C\-2) Ci (2) 
Cy = C,(C,-1C,) (3) 
we have 


graph 2 = operation on graph 1 


The operators in cases (2) and (3) are, 
respectively 


(0) = Al Tt 10 
Cy= i PBN QG=|0 11 
=i il @ il =24 0 


We next remark that the matrix equation 


I’ = C,I' isa consequence of writing 7’ = 2” 
i’ = Cy" is a consequence of writing I’ = I” 


so that Cy, as the matrix of the transforma- 
tion on the generalized currents, carries 
the network of the impedance matrix Z 
over into Z = Cy’ZCy, where 


2 + 22+ 23 21 —% 
a 21 21 0 , 
— 23 0) 23 
e Zi 22 —22 Z1 
Jb = — 2 22 + 23 (0) 
21 @) 21 


The following points may now be made: 


1. No external electromotive forces will encounter 
the same impedance in the new network that it did 
in the old. 


2. The network of figure 5 has not been carried 
over to that of figure 6 since the equations i! = 
is = is” = 0 do not hold. 


3. All impedance branches are permanently short- 
circuited! 


This C,, which applies only to networks 
with short-circuited impedance branches 
and gives only networks with short-cir- 
cuited impedance branches, is Kron’s (GH 
(“Tensor Analysis of Networks,” pages 
418-33, page 152, etc.). The presence 
of externally impressed currents and elec- 
tromotive forces and complexity in the net- 
work do not alter the true situation but 
may, of course, conceal dite 

Tensor analysis has legitimate though 
academic application in a determination 
of network properties invariant with re- 
spect to the choice of sets of independent 
loop currents, but when this analysis has 
once been made for the general case the 
application ceases. 

Yours truly, 
W. H. INGRAM 


(New York, N. Y.; Member, American Mathemati- 
cal Society) 
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Pe onal fewsre 


H. B. Dates (A’98, F’32) will retire as head 
of the department of electrical engineering 
at Case School of Applied Science, Cleve- 
land, Ohio, July 1, 1939, with the title of 
professor emeritus. Born in New Britain, 
Conn., July 15, 1869, he received the degree 
of bachelor of science in electrical engineer- 
ing from Massachusetts Institute of Tech- 
nology in 1894, and the honorary degree of 
electrical engineer from Case School in 1908. 
For two years after graduation he was 
employed by Westinghouse Electric and 
Manufacturing Company at Newark, N. J., 
and East Pittsburgh, Pa., before becoming 
professor of physics and electrical engineer- 
ing at the newly established Clarkson 
School of Technology, Potsdam, N. Y., 
where he remained until 1903. For the two 
following years he was professor of electrical 
engineering and dean of the engineering 
school of the University of Colorado, 
Boulder, and in 1905 he became head of the 
Case School electrical-engineering depart- 
ment, where he has continued ever since. 
He has also carried on a consulting practice 
in electrical engineering, and has been a 
consultant for the Cleveland Board of 
Education and others on school lighting. 
He is a member of the AIEE committee on 
the production and application of light, and 
was the first chairman (1907-08) of the 
Cleveland Section. He is a past-president 
of the Illuminating Engineering Society, a 
member of the International Commission on 
Illumination, the National Electric Light 
Association, the Society for Promotion of 
Engineering Education, and Sigma Xi, and 
the author of many technical articles. 


H. E. Dexter (A’14, M’17) has been ap- 
pointed vice-president in charge of commer- 
cial relations by the Central Hudson Gas 
and Electric Corporation, Poughkeepsie, 
N. Y. Born at Randolph, Mass., in 1890, 
he received the degree of bachelor of science 
in electrical engineering from Massachusetts 
Institute of Technology in 1912, and en- 
tered the testing department of the General 
Electric Company, Schenectady, N. Y., 
the same year. He continued with that 
company until 1917, when he entered the 
United States Army, serving as a lieutenant 
in the engineering service, After the war 
he went to Shanghai, China, as engineering 
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Fee DEXTER 


sales representative of Anderson, Meyer, 
and Company, continuing as manager of the 
Foochow office, and later at the Hongkong 
office of Anderson, Meyer, and Company, 
Ltd. Returning to the United States, he 
became refrigeration engineer, and then 
president of the Ideal Heating Company, 
Kansas City, Mo. For a time he was chief 
of the electrical equipment division, United 
States Bureau of Foreign and Domestic 
Commerce, Washington, D. C. He was 
first employed by the Central Hudson 
corporation as assistant commercial mana- 
ger, becoming general commercial mana- 
ger, and later, in 1935, a director of the 
company. He is chairman of the general 
sales committee of the Edison Electric 
Institute. 


M. W. Smith (A’20, M’36) manager of 
engineering of the Westinghouse Electric 
and Manufacturing Company, with head- 
quarters in Pittsburgh, Pa., has been elected 
a vice-president of the company. He will 
direct all engineering activities. A native 
(1893) of Overton, Tex., Mr. Smith gradu- 
ated from Texas Agricultural and Mechani- 
cal College in 1915 with the degree of bache- 
lor of science in electrical engineering. He 
then entered the student apprentice course 
at the Westinghouse company’s East Pitts- 
burgh works, and has remained with the 
company continuously ever since. He has 
been associated with generating engineering 
operations, first as a design engineer, then a 
section engineer (1926), then division engi- 
neer in charge of the design of large a-c 
machines (1930). In 1936 he was ap- 
pointed manager of engineering. He re- 
ceived the Westinghouse Order of Merit 
award in 1988. He is a member of AIEE 
membership, publication, and _ technical 
program committees, and a member of the 
American Association for the Advancement 
of Science. 


J. W. Latham (A’27) has been appointed 
chief engineer of the Chesapeake and 
Potomac Telephone Company of Balti- 
more City, Md. A native (1886) of Hick- 
ory Grove, Va., Mr. Latham isa graduate of 
the University of Virginia. He was em- 
ployed in the engineering and installation 
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' departments of the Western Electric Com- 


pany, Chicago, IIl., in 1906, and transferred 
the following year to the engineering de- 
partment of the Chicago Telephone Com- 
pany. He became an engineering inspector 
for the Southern Bell Telephone and Tele- 
graph Company, Atlanta, Ga., in 1909 con- 
tinuing with that company as division 
traffic supervisor, first in Charlotte, N. C., 
then in Savannah, Ga.; traffic equipment 
engineer, Atlanta, exchange traffic and 
operating practice engineer, Atlanta. In 
1920 he entered the engineering department 
of the Chesapeake and Potomac Telephone 
Company, Washington, D. C., and shortly 
afterward was appointed facilities engineer. 
He later became chief engineer for the 
Chesapeake and Potomac Telephone Com- 
pany of West Virginia, and held that posi- 
tion until his recent appointment. 


M. M. Kenneally (A’29) has been appointed 
vice-president in charge of sales of the 
Porcelain Insulator Corporation, Lima, 
N. Y. A native (1894) of Oelwein, Iowa, 
Mr. Kenneally received the degrees of 
bachelor of science in electrical engineering, 
1915, and electrical engineer, 1920, from 
Iowa State College. During the World War 
he was an engineering officer in the United 
States Navy. In 1919 he became distribu- 
tion survey engineer for the Waukesha 
(Wis.) Gas and Electric Company, and 
during the next eight years was employed in 
various engineering and executive capacities 
by the Citizens Gas and Electric Company, 
Waterloo, Iowa; the Philadelphia Suburban 
Gas and Electric Company, Jenkintown, 
Pa.; the Iowa Public Service Company, 
Humboldt; and the United Gas Improve- 
ment Company, Philadelphia, Pa., and on 
distribution surveys for the cities of Belle- 
ville and Kewanee, Ill. In 1927 he was 
employed by the Ohio Insulator Company, 
Barberton, and in 1928 became sales mana- 
ger of the New York office of the Ohio 
Brass Company. Three years later he was 
transferred to Mansfield, Ohio, as sales 
manager of the power utilities department 
of that company. He became sales mana- 
ger of the Porcelain Insulator Corporation 
in 1937, 


F. B. Jewett (A’03, F’12) vice-president of 
the American Telephone and Telegraph 
Company and president of Bell Telephone 
Laboratories, Inc., New York, N. Y. has 
been elected president of the National 
Academy of Sciences. He was also honored 
recently for his scientific attainments by the 
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presentation of the 1939 John Fritz Medal. 

An article outlining his qualifications for 

that award appeared in the March 1939 

issue (pages 115-17), and a biographical 

ae in the December 19388 issue (page 
WOK 


W. R. G. Baker (A’19) has been appointed 
manager of the General Electric Company’s 
newly organized radio and television depart- 
ment, with headquarters at Bridgeport, 
Conn. The new unit will co-ordinate all 
radio, television, and related activities. 
Doctor Baker has been engaged in radio 
development work since 1917. A native 
(1891) of Lockport, N. Y., he attended 
Union College, from which he holds the 
degrees of bachelor of engineering, master of 
electrical engineering, and doctor of science. 
Before entering the General Electric labora- 
tories in 1917 he was employed by the New 
York Telephone Company. In 1924 he 
was placed in charge of design of all radio 
products for General Electric, and in 1926 
he was given complete charge of radio de- 
velopment, design, and production. On 
formation of the RCA-Victor Corporation 
in 1929 he was made head of radio engineer- 
ing activities, and later general manager of 
the plant at Camden, N. J. He resumed 
his connection with General Electric in 
1936, becoming managing engineer of the 
radio receiver section at Bridgeport. Be- 
fore his recent appointment he was chairman 
of the radio management committee. 


J. R. Carson (A’19, F’33) research mathe- 
matician, Bell Telephone Laboratories, Inc., 
New York, N. Y., has been awarded the 
Elliott Cresson Medal by the Franklin 
Institute, Philadelphia, Pa., ‘‘in considera- 
tion of outstanding contributions to the art 
of electrical communication.’’ A native 
(1887) of Pittsburgh, Pa., Mr. Carson re- 
ceived the degrees of bachelor of science 
(1907), electrical engineer (1909), and mas- 
ter of science (1912) from Princeton Uni- 
versity. He was an instructor in physics 
and electrical engineering at Princeton 
University, Princeton, N. J., from 1912 to 
1914, when he was employed in the engi- 
neering department of the American Tele- 
phone and Telegraph Company. He was 
transferred to the department of develop- 
ment and research in 1917, with the title of 
transmission theory engineer, and assumed 
his present position in the Bell Laboratories 
in 1934. He received in 1924 the Liebmann 
Memorial Prize of the Institute of Radio 
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Engineers, of which he isa member. He is 
also a member of the American Mathe- 
matical Society and Phi Beta Kappa, and 
has written books and articles on technical 
subjects. 


B. K. Boyce (A’10, M’28) has been ap- 
pointed chief engineer, Manhattan area, by 
the New York Telephone Company. A 
native (1886) of Little Valley, N. Y., Mr. 
Boyce graduated in electrical engineering at 
Cornell University in 1907, and has been 
with the New York Telephone Company 
ever since. He was engaged in special 
studies on electrolysis, inductive disturb- 
ances, and protection, from 1907 to 1912, 
and on transmission work, including design, 
1912-24. During the next two years he 
did plant extension work, becoming trans- 
mission and plant extension engineer in 
1925. In 1926 he was appointed chief 
engineer for the upstate New York area, 
and continued in that position until his 
present appointment. He was a member 
of the AIEE committee on communication 
1930-31. 


J. R. Read (A’04) has been elected president 
of Canadian Westinghouse Company, Ltd., 
Hamilton, Ont., Canada. Born in Virginia 
October 24, 1879, Mr. Read began his 
electrical engineering experience with the 
Sterling White Lead Company, Parnassus, 
Pa., afterward spending three years as a 
student engineer with the Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa. He was employed as 
engineer by the Cherokee Gold Dredging 
Company, and the Northern California 
Power Company before entering the employ 
of Canadian Westinghouse in 1904 as sales 
engineer for the Vancouver district office. 
He was appointed district manager of the 
Vancouver district in 1908, was made a vice- 
president in 1936, and a director of the 
company in 19388. 


R. H. Hughes (A’20, M’30) has been ap- 
pointed vice-president and general manager 
of the Bronx-Westchester area of the New 
York (N. Y.) Telephone Company. He 
had been an assistant vice-president since 
1927. A native (1891) of Decatur, Ala., 
Mr. Hughes graduated from Vanderbilt 
University in 1913, with the degree of 
bachelor of engineering. He has been 
with the New York Telephone Company 
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continuously since 1914, when he entered 
the engineering department. He became a 
local trunk engineer in 1925, and plant ex- 
tension engineer in 1927. 


A. C. Streamer (A’10) has been appointed 
general manager of the East Pittsburgh 
division of the Westinghouse Electric and 
Manufacturing Company. He was form- 
erly manager of the switchgear division of 
the East Pittsburgh works of the company. 
After graduating from the University of 
Colorado in 1907 with the degree of bachelor 
of science in electrical engineering, Mr. 
Streamer entered the apprentice engineering 
course of the Westinghouse company at 
East Pittsburgh, and was later assigned to 
the switchboard engineering division. He 
was made manager of the diversified prod- 
ucts department in 1931, and manager of 
the switchgear division on its formation in 
1936. 


R. B. MacGuinness (A’09) has been ap- 
pointed vice-president in charge of opera- 
tions by the Central Hudson Gas and 
Electric Corporation, Poughkeepsie, N. Y 
A native (1883) of New York, N. Y., Mr. 
MacGuinness was employed in various 
capacities by the Westchester Light Com- 
pany from 1901 to 1908, when he was 
placed in charge of the electrical department 
of Russell Birdsall and Ward Bolt and Nut 
Company, Port Chester, N. Y. He con- 
tinued with that organization until his 
employment by the Central Hudson cor- 
poration in 1923 as division superintendent. 
He has been operating manager since 1926 
and a director since 1932. 


G. H. Bucher (M’24) president, Westing- 
house Electric and Manufacturing Company 
and Westinghouse Electric International 
Company, was awarded the Westinghouse 
Order of Merit in 1938. A native (1888) of 
Sunbury, Pa., Mr. Bucher attended Pratt 
Institute and became associated with the 
Westinghouse company as a student engi- 
neer in 1909. The Order of Merit, founded 
in 1935, is awarded Westinghouse employees 
for outstanding contributions to the elec- 
trical and mechanical arts and to company 
Other AIEE members to receive 


progress. 
the award in 1938 are: M. W. Smith 
(A’20, M’36), recently appointed vice- 


president in charge of engineering, Pitts- 
burgh, Pa.; G. W. Penney (A’26), manager, 
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electrophysics division, research labora- 
tories; C. M. Laffoon (A’24) manager, a-c 
generator engineering department; J. B. 
MacNeill (A’18, M’36) manager, switchgear 
engineering; D. F. Miner (M’34) manager, 
engineering laboratories and standards; 
J. S. Parsons (A’27) central station engi- 
neer; F. B. Powers (M’37) engineering 
manager, transportation department; I. B. 
Stiefel (A’18) manager of industrial rela- 
tions; all at East Pittsburgh, Pa.; J. K. 
Hodnette (A’25, M’30) transformer de- 
velopment engineer, Sharon, Pa.; A. W. 
Copley (A’04, F’26) engineering manager, 
Pacific Coast district, San Francisco, Calif. 


Barry Dibble (A’06, M’12) has been ap- 
pointed assistant administrator of the 
Bonneville Dam project, Portland, Ore. 
He was formerly a consulting electrical 
engineer for the United States Indian Serv- 
ice. A native (1881) of St. Paul, Minn., 
Mr. Dibble graduated in electrical engineer- 
ing from the University of Minnesota in 
1903. He was employed in engineering 
capacities by the Jackson and Battle Creek 
Traction Company, Albion, Mich., the 
Cincinnati and Columbus Traction Com- 
pany, Cincinnati, Ohio, the Shawinigan 
Water and Power Company, Shawinigan 
Falls, Quebec, Can., and the Twin City 
Rapid Transit Company, St. Paul, Minn., 
before entering the service of the United 
States Government as an electrical engineer 
in the Reclamation Service. He was a 
construction engineer and later project 
manager of the Minidoka (Idaho) project, 
and later had headquarters in Denver, 
Colo. For more than ten years he has been 
in consulting practice, with offices at Red- 
lands, Calif. 


P. L. Hoover (A’24) has been appointed pro- 
fessor of electrical engineering and head of 
the electrical engineering department of 
Case School of Applied Science, Cleveland, 
Ohio. A native (1898) of Mansfield, Ohio, 
Doctor Hoover received the degree of 
bachelor of science at Carnegie Institute of 
Technology, and the degrees of master of 
science and doctor of science from Harvard 
University, where he was for three years a 
research fellow in electrical engineering. 
He has also studied at the Universities of 
Vienna and Paris. He was appointed 
associate professor of electrical engineering 
at Case School in 1927, continuing in this 
position until 1930, when he became as- 
sistant director of the engineering experi- 
ment station at Rutgers University, New 
Brunswick, N. J. In 1934 he was made 
director of the station with the rank of pro- 
fessor. He is a member of the American 
Physical Society, the American Association 
for the Advancement of Science, Sigma Xi, 
Gamma Alpha, and Tau Beta Pi, and is the 
author of various technical articles. 


J. S. Jones (A’19, F’25) has been made 
manager of the western division, American 
Machine and Metals, Inc., San Francisco, 
Calif. A native (1888) of Norfolk, Va., Mr. 
Jones attended the Naval Apprentice 
School at the Norfolk Navy Yard, where he 
was afterward employed from 1909 to 1911. 
In 1911 he became an electrical draftsman 
at the Navy Yard, New York, N. Y., where 
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he advanced through successive positions to 
that of senior electrical aide and acting 
electrical superintendent of the Third Naval 
District in 1918. In 1919 he went with 
Charles Cory and Son, Inc., New York, as 
assistant to the vice-president and engineer, 
and in 1923 became vice-president, general 
manager, and director of engineering of that 
company. Later he became assistant to the 
president, Consolidated Laundries Corpora- 
tion, New York, then vice-president of 
American Machine and Metals, Inc., 
Washington, D. C. He left that organiza- 
tion to become vice-president of Stewart and 
McGuire, Inc., New York, for two years 
before returning to assume his present 
position. 


J. B. HARRIS, JR. 


J. B. Harris, Jr. (A’17) has been appointed 
vice-president of the Rumsey Electric 
Company, Philadelphia, Pa. A biographi- 
cal sketch of Mr. Harris appeared in the 
May issue (page 228). 


G. A. Sawin (A’03, M’13) has been ap- 
pointed director of the regulatory legislation 
department of the National Electrical 
Manufacturers Association, with head- 
quarters in New York, N. Y. He was 
formerly assistant manager, central station 
sales, Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pare 
and an associate representative of the 
Westinghouse company on the electrical 
instrument and transformer sections and the 
rural electrification publicity subcommittee 
of the NEMA. A graduate (1901) in 
electrical engineering at Harvard Univer- 
sity, Mr. Sawin was employed by the General 
Electric Company, Lynn, Mass., and the 
Public Service Electric Company, Newark, 
N. J., before his association with the West- 
inghouse company. 


C. T. Hughes (A’20, M’29) has been ap- 
pointed general operating superintendent 
of the Connecticut Light and Power Com- 
pany, Hartford. Born (1894) in Wickliffe, 
Ky., Mr. Hughes graduated from the 
University of Oklahoma in 1918 with the 
degree of bachelor of science in electrical 
engineering. He spent several months in 
the Signal Corps of the United States Army, 
and in December 1918 was employed by the 
Connecticut Light and Power Company as 
an assistant electrical engineer. He has 
been with the company continuously since 
that time, as electrical engineer and design 
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engineer, and until his recent appointment, 
general engineer, with headquarters at 
Waterbury, Conn. 


M. G. Lloyd (A’08, F’12) chief of the section 
of safety codes of the National Bureau of 
Standards, Washington, D. C., has been 
elected president of the International 
Association of Electrical Inspectors. Doc- 
tor Lloyd, who holds the degrees of bachelor 
of science (1896), doctor of philosophy 
(1900), and electrical engineer (1908), from 
the University of Pennsylvania, has occu- 
pied his present position with the Bureau of 
Standards since 1917. He is a member of 
the AIEE committees on safety and pro- 
tective devices, and past chairman of the 
Washington Section. He is president of the 
Washington (D. C.) Safety Society and 
member of a number of other technical 
organizations. 


Roy Martindale (M’21) has been appointed 
electrical engineer in charge of operations 
for the Bureau of Power and Light of the 
City of Los Angeles, Calif. A native (1884) 
of Attica, Ind., he received the degree of 
bachelor of science in electrical engineering 
from Purdue University in 1906, and during 
the following year was a student engineer 
for General Electric Company, Schenec- 
tady, N. Y. From 1908 to 1911 he was 
employed on power projects by the Wash- 
ington Water Power Company, Spokane, 
Wash. He has been with the Los Angeles 
Bureau of Power and Light since 1911, as- 
suming in 1920 the position of assistant 
operating engineer which he held until his 
recent appointment. 


C. W. Green (A’10, M’26) has been ap- 
pointed technical representative in Europe 
for the Bell Telephone Laboratories, Inc. 
Born in 1884 in Waukegan, Ill., Mr. Green 
graduated in 1907 from the University of 
Wisconsin, with the degree of bachelor of 
science. He was an instructor in electrical 
engineering at Massachusetts Institute of 
Technology, Cambridge, from 1907 to 1914 
and assistant professor, 1914-17. During 
the World War he served in the United 
States Coast Artillery, attaining the rank of 
major. He became a telephone engineer for 
Western Electric Company, New York, 
N. Y., in 1919, and transferred to the Bell 
Laboratories in 1924. 


L. F. Pries (A’33) with two partners, has 
organized Central States Industrial Engi- 
neers, DeKalb, IIll., designers and builders 
specializing in production machinery for the 
wire industry. A native (1907) of Buffalo, 
N. Y., Mr. Pries received the degrees of 
electrical engineer, 1931, and master of 
electrical engineering, 1932, from Rensselaer 
Polytechnic Institute. After graduation 
he was employed by the Colonial Radio 
Corporation, Buffalo, as a development 
engineer by the Wurlitzer Grand Piano 
Company, DeKalb, IIl., and in the engineer- 
ing department of the DeKalb plant of the 
American Steel and Wire Company. 


H. R. Peddicord (A’38) has been appointed 
general buildings and supplies superin- 
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tendent, Chesapeake and Potomac Tele- 
phone Company, Washington, D. C. A 


native (1900) of Cooksville, Md., Mr. Peddi- 


cord received the degree of bachelor of 
science in electrical engineering from the 
University of Maryland in 1921. He spent 
a year in the student course of the Westing- 
house Electric and Manufacturing Company 
East Pittsburgh, Pa., and a year teaching 
mathematics in New York, N. Y. Since 
1923 he has been with the Chesapeake and 
Potomac company. From 1936 until the 
present he had the position of engineer. 


R. L. Horr (M’26) has been appointed 
general plant engineer by the Mountain 
States Telephone and Telegraph Company, 
Denver, Colo. Mr. Horr is an electrical 
engineering graduate of the University of 
Illinois (1904), and was employed in main- 
tenance and inspection work by the Chicago 
(Ill.) Telephone Company 1904-14. Dur- 
ing the next two years he was chief engineer 
for the Montana Fruit and Irrigation Com- 
pany, after which he spent four years in 
business. He has been with the Mountain 
States company since 1920, and before his 
present appointment was general plant 
supervisor. 


R. C. Muir (A’08, M’19) vice-president in 
charge of engineering, General Electric 
Company, Schenectady, N. Y., will be 
awarded the honorary degree of doctor of 
engineering by the University of Wisconsin 
at its 1939 commencement exercises. Mr. 
Muir is a graduate of the University of 
Wisconsin, having received the degree of 
bachelor of science in electrical engineering 
in 1905. He entered the General Electric 
student engineering course at Schenectady 
the same year, and has been with the com- 
pany ever since, assuming his present posi- 
tion in 1934. 


R. P. Long (A’34) has been appointed gen- 
eral plant employment supervisor, eastern 
district, Bell Telephone Company of Penn- 
sylvania, Philadelphia, Pa. After graduat- 
ing in electrical engineering from Cornell 
University in 1921, Mr. Long entered the 
employ of that company, later becoming 
plant transmission engineer. Before his 
recent appointment he was district plant 
superintendent. 


J. E. M. Mitchell (A’27) has been appointed 
assistant sales manager of Porcelain Prod- 
ucts, Inc., Parkersburg, W. Va. He was 
formerly general sales manager, Jeffery- 
DeWitt Insulator Company, Kenova, W. 
Va., having been associated with that com- 
pany since 1924, and prior to that was a 
sales engineer with W. K. Beaven, Birming- 
ham, Ala. 


G. R. Mezger (A’37) has been appointed 
assistant sales manager on industrial sales 
of television equipment by the Allen 1D; 
DuMont Laboratories, Inc., Passaic, N. J. 
A graduate in electrical engineering of 
Rensselaer Polytechnic Institute, Mr. Mez- 
ger has been a research and development 
engineer for the DuMont Laboratories 
since 1936. 


A. E. Kennelly (A’88, F’13, HM’33) has 
been elected a member of the Royal Acad- 
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emy of Sciences of Upsala, Sweden. Doctor 
Kennelly is professor emeritus of electrical 
engineering at Harvard University and 
Massachusetts Institute of Technology, and 
AIEE past-president and Edison Medalist 
(1933). A biographical sketch of him ap- 
peared in the October 19388 issue (page 433). 


E. E. Wyland (A’29) has been appointed 
general plant supervisor, Mountain States 
Telephone and Telegraph Company, Denver 
Colo. A graduate of the University of 
Idaho, Mr. Wyland has been with the com- 
pany since 1924, much of the time in the 
transmission department. Before his pres- 
ent appointment he was acting Idaho 
plant superintendent. 


P. A. Condit (A’37) has been employed as a 
control engineer by the Cooper-Bessemer 
Corporation, Mount Vernon, Ohio. He was 
formerly in charge of development and field 
engineering for the Mason-Neilan Regulator 
Company, Boston, Mass. 


R. H. Manahan (M’22) chief, electrical 
division, Department of Building and 
Safety, City of Los Angeles, Calif., has been 
appointed chairman of the legislative com- 
mittee, southwestern district, International 
Association of Electrical Inspectors. 


E. S. McConnell (A’29, M’36) formerly 
electrical engineer for Anaconda Wire and 
Cable Company, New York, N. Y., is now 
with the Copper Wire Engineering Associa- 
tion, Washington, D. C., as electrical engi- 
neer. 


R. O. Froling (A’37) has been employed as 
an engineer in the vibration department of 
the propeller division of the Curtiss Wright 
Corporation, Clifton, N. J. He was form- 
erly a student engineer with the General 
Electric Company, at Pittsfield, Mass. 


O. G. Owens (A’38) has been appointed an 
instructor in the university extension divi- 
sion, Rutgers University, New Brunswick, 
N. J. He was formerly a student physicist 
at General Electric Company, Lynn, Mass. 


R. S. Brannin, Jr. (A’37) formerly a logging 
operator for the Humble Oil and Refining 
Company, Houston, Tex., has been em- 
ployed by the Lago Petroleum Corporation, 
Maracaibo, Venezuela. 


W. F. Sims (A’20, F’33) chief electrical 
engineer, Commonwealth Edison Company, 
Chicago, Ill., has been elected a director of 
the Electric Association of Chicago, to 
complete the 1939-40 term. 


H. V. Dobson (A’28) city electrician, City 
of Santa Barbara, Calif., has been appointed 
chairman of the articles of association com- 
mittee, southwestern district, International 
Association of Electrical Inspectors. 


A. R. Small (M’37) president, Underwriters 
Laboratories, Chicago, Ill., was elected a 
vice-president of the National Fire Protec- 
tion Association at its recent annual meet- 
ing. 

C. C. Curtis (M’23) president, Savannah 
Electric and Power Company, was elected 
third vice-president of the Southeastern 
Electric Exchange at its recent annual con- 
vention at St. Augustine, Fla. 


A. D. Bragg (A’36), sales representative, 
General Electric Company, Fresno, Calif., 
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has been elected president of the Engineers 
Club of Fresno. 


P. A. Ward (A’37) field engineer, air condi- 
tioning department, General Electric Com- 
pany, has been transferred from Chicago 
to the Detroit office of the department. 


L. L. Lathrop (A’35) has been transferred by 
the New York Power and Light Company 
from Schenectady to Mahopac, N. Y., where 
he is operator of the Carmel substation. 


Obituary 


Albert Gould Davis (A’98, M’00, F’12) pat- 
ent lawyer and former vice-president in 
charge of patents of the General Electric 
Company, died in New York, N. Y., April 
25, 1939. Born October 19, 1871, at 
Brooklyn, N. Y., Mr. Davis was graduated 
in electrical engineering from Massachu- 
setts Institute of Technology in 1893, and 
received the degrees of bachelor and master 
of laws in 1896 and 1897, respectively, from 
the National University law school, Wash- 
ington, D.C. In 1893-94 he was in charge 
of design and construction of furnaces for 
the Davis-Colby Ore Roaster Company, 
in Kentucky and Alabama. He became 
an assistant examiner in the United States 
Patent Office, Washington, D. C., in 1894, 
leaving that position in 1896 to engage in 
private patent-law practice. In 1897 he 
was made manager of the patent-law de- 
partment of the General Electric Company, 
Schenectady, N. Y., and continued in that 
position until 1919 when he was made vice- 
president in charge of patents. Shortly 
after the incorporation of the Radio Cor- 
poration of America in 1919, Mr. Davis 
became a director of that organization, 
having had an active part in the negotiations 
by which the Marconi Wireless Telegraph 
Company of America acquired assets and 
patents, later purchased by RCA, from its 
parent company, Marconi’s Wireless Tele- 
graph Company, Ltd., London, England. 
He remained a director until the relationship 
between General Electric and RCA was 
dissolved in 1932. The following year he 
retired from the General Electric Company 
and became a consulting member of the 
firm of Pennie, Davis, Marvin, and Ed- 
monds, New York, N.Y. From 1937 until 
his death he was engaged in independent 
law practice at 30 Rockefeller Plaza, New 
York, N. Y. He was president of the New 
York State Patent Law Association and a 
member of several other legal organizations. 


John Jameson Gibson (A’02, M’12, F'18) 
retired vice-president, Westinghouse Elec- 
tric Supply Company, New Ward's, INI, Op 
died in Philadelphia, Pa., May 6, 1939. 
Born in York, Pa., November 23, 1872, he 
graduated from Lehigh University in 1895 
with the degree of electrical engineer, and 
entered the student course at Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa. In 1896 he was em- 
ployed by the American Telephone and 
Telegraph Company as inspector in the 
New York district, then as manager of the 
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seventh district with headquarters at Nor- 
folk, Va., and by the Southern Bell Tele- 
phone and Telegraph Company as manager 
of the Richmond and later the Norfolk dis- 
trict. In 1900 he returned to the Westing- 
house company as manager’s assistant in 
the Chicago office, where he later became 
sales engineer and manager of the indus- 
trial division. He was transferred to the 
Philadelphia office in 1905 as sales engineer, 
and was district manager 1906-14. In 
1915 he was appointed manager of the sup- 
ply department of the company at East 
Pittsburgh, and continued in that position 
until 1922, when he became vice-president 
and general manager of Westinghouse 
Commercial Investment Company, New 
York, N. Y. The latter organization de- 
veloped into the present Westinghouse 
Electric Supply Company, with which Mr. 
Gibson continued in the same capacity until 
his retirement in 1932. After retirement 
he was president of the Cresheim Arms 
Company, managing the hotel of that 
name in Philadelphia. He was a member 
of the Franklin Institute, Philadelphia, and 
had served on its board of managers. 


Herbert William Crozier (A’03, M’12) con- 
sulting engineer, died at Covina, Calif,, 
April 13, 1939. Born at San Francisco, 
Calif., June 28, 1875, he graduated from the 
University of California in 1899 with the 
degree of bachelor of science. He was em- 
ployed in engineering capacities by the 
Harvard Mine, Jamestown, Calif., the 
Tuolumne County (Calif.) Water Com- 
pany, and the Cananea Consolidated 
Copper Company, Cananea, Mex., until 
1902, when he became an electrical engineer 
for the department of electricity of the City 
of San Francisco. Later he engaged in con- 
struction work on the staff of R. S. Masson, 
electrical engineer, on the Pacific Electric 
Railway, and other lines, and then became 
associated with the consulting engineering 
firm of Sanderson and Porter, San Fran- 
cisco, Calif., later becoming manager of the 
San Francisco office of the firm. During 
the latter years of his life he was an in- 
dependent consulting engineer, with offices 
in San Francisco and later in Las Vegas, 
Nev. He was connected with a number of 
governmental power projects, being con- 
sulting engineer for the state of Nevada, 
1923-26, for the Nevada Colorado River 
Commission, 1927-28, the Central Valley 
project, 1935, and supervising the design 
and construction of the power line from 
Boulder Dam to the Pioche mining region 
of Nevada, 1986-37. He was a member of 
the American Society of Mechanical Engi- 
neers, 


Edouard Roth (A’18) chief engineer of tech- 
nical services of La Société Générale de 
Constructions Electriques et Méchaniques, 
“Alsthom,” Paris, France, died April 29, 
1939. He was born at Mulhouse, Alsace, 
January 17, 1878, and graduated from the 
Ecole Polytéchnique Féderale, Zurich, Switz- 
erland,in 1900. The same year he entered 
the technical service of the Société Al- 
sacienne de Constructions Méchaniques at 
Belfort, and later became chief engineer 
for a-c apparatus. He assumed the posi- 
tion which he held until his death when the 
Société Alsacienne consolidated with the 
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Compagnie Fran¢gaise-Thomson Houston 
to form the ‘“‘Alsthom”’ organization during 
the 1920’s. Mr. Roth was responsible 
for many important turbine-generator in- 
stallations in Paris and other French 
cities. He was a member of the Société 
Frangaise des Electriciens, and was active 
in the International Electrotechnical Com- 
mission, serving on various committees, and 
in other ways participating in international 
standardization activities. He was the 
author of many technical papers and 
articles, and made important contributions 
to the design and construction of electrical 
machinery. He was a Chevalier of the Le- 
gion of Honor, and had received the silver 
medal of the Industrial Society of Mul- 
house, the Hebert prize of the French Acad- 
emy of Science (1925), and other honors and 
awards for his work. 


Emmet Grattan Ralston (A’21, M’34) vice- 
president and general manager of the In- 
dianapolis Power and Light Company, 
Indianapolis, Ind., died April 17, 1939. 
He was born in Lebanon, Ind., October 28, 
1890, and graduated from Purdue Univer- 
sity with the degree of bachelor of science in 
electrical engineering, in 1913. The same 
year he was employed by the Indianapolis 
Light and Heat Company, first as a meter 
tester, then in charge of demand testing. 
He continued with that company as under- 
ground superintendent, design engineer, 
chief engineer of Mill Street station, elec- 
trical superintendent, chief engineer, and 
operating vice-president. He remained in 
the last position when the company, as the 
result of a merger, became the Indianapolis 
Power and Light Company, and in 1930 be- 
came a member of the board. He had held 
the position of vice-president and general 
manager for about three years. He was a 
member and former president of the Na- 
tional Association of Power Engineers and 
also of the Indiana Electric Association, and 
at the time of his death was president of the 
Indianapolis Electric League. 


William Cramp (M/’26) professor of elec- 
trical engineering at the University of Bir- 
mingham, England, died April 20, 1939, at 
Llandudno, Wales. Born January 8, 1876, 
at Coventry, England, he received the de- 
grees of master of science at the College of 
Technology, Manchester, and doctor of 
science at the University of Manchester. 
He was an engineer apprentice from 1892 
to 1897, when he became assistant to the 
works manager of Ferranti, Ltd., Hollin- 
wood. In 1900 he was appointed lecturer 
in electrical design at the Imperial College 
of Science and Technology, London. From 
1905 to 1920 he was a member of the firm 
of Cramp and Frith, consulting engineers, 
Manchester, and also acted as a lecturer in 
electrical design and technology at the Uni- 
versity of Manchester. He was appointed 
professor of electrical engineering at the 
University of Birmingham in 1920. Pro- 
fessor Cramp was the author of books and 
articles on technical subjects, and a member 
of the Institution of Electrical Engineers, 
having served on the council of that society. 


Emerson Pierce Peck (A’08, M’20, F’23) 
consulting engineer, Buffalo, Niagara, and 


News 


Eastern Power Corporation, Buffalo, N. Y., 
died November 14, 1938, according to in- 
formation recently received. Mr. Peck was ' 
born at Atlanta, Ga., August 138, 1882, and 
studied at the Georgia School of Tech- 
nology. In 1905 he was employed by the 
Georgia Railway and Electric Company, At- 
lanta, and in 1906 became foreman of the 
testing department, in 1914 superintendent 
of tests and repairs department, and in 
1916 superintendent of operation. In 
1918-19 he served as a technical expert for 
the United States Bureau of Standards and 
the War Department. He became general 
superintendent of the electrical department, 
Utica (N. Y.) Gas and Electric Company in 
1919, later becoming a vice-president of the 
company. Subsequently he became as- 
sociated with the New York Power and 
Light Company, Albany, N. Y., as an engi- 
neer on special studies, and was later em- 
ployed in the same capacity by the Buffalo, 
Niagara, and Eastern Power Corporation. 


Loren H. Shute (A’ 15) superintendent, elec- 
trical division, Light and Power Depart- 
ment of the City of Colorado Springs Colo., 
died in Agua Caliente, Ariz., February 10, 
1939. He was born in Denver, Colo., 
October 1, 1883, and attended high school 
there, afterward being employed in the 
shops of the Denver Gas and Electric Com- 
pany 1902-05. For the next four years he 
was engaged in installing electrical and 
mining machinery for the Yak Mining, 
Mill and Tunnel Company, Leadville, Colo. 
In 1908 he was employed by the Central 
Colorado Power Company, Denver, on 
construction and transmission work, be- 
coming superintendent of operations in 1912 
and general superintendent of all proper- 
ties in 1914. He continued in the last- 
named position until 1922, when he moved 
to California on account of health. In 
1924-25 he was a line specialist for Western 
Electric Company, Denver, Colo., and in 
1925 he assumed the position at Colorado 
Springs which he held until his death. 


Thomas Hesketh (A’04, M’06) director, 
Folkestone Electricity Supply Company, 
Ltd., Folkestone, England, died in March 
1939. He was born at Lytham Lanes, 
England, April 19, 1873, and educated at 
the Durham College of Science, Newcastle- 
on-Tyne. He later served an apprentice- 
ship of three years with J. H. Holmes and 
Company of the same city. In 1892 he 
was appointed chief engineering assistant 
at the Blackpool (Eng.) Electricity Works, 
and in 1895 took the position of electrical 
engineer at the electric light plant of Madrid, 
Spain. He was appointed engineer and 
manager of the Folkestone Electricity 
Supply Company in 1898, having charge 
of the design and construction of the station 
and later managing it. In 1923 he became 
managing director of the company, and 
later director. He was a member of the 
Institution of Electrical Engineers and the 
Institution of Mechanical Engineers, both 
of Great Britain. 


Ernest Joseph Sterba (A’21, M’35) member 
of the technical staff, Bell Telephone Labo- 
ratories, Inc., New York, N. Y., died 
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April 24, 1939, at Asbury Park, N. J. He 
_ was born in Iowa City, Iowa, June 29, 1896, 


_ Laboratories. 


and received the degree of bachelor of engi- 


neering in electrical engineering from the 
University of Iowa, where he was an assist- 
ant : instructor of physics in 1919-20. 
During 1920 he was a research engineer 
for Western Electric Company, New York, 
N. Y., and from that time until his death was 
engaged in research and development of 
radio transmission equipment for the Bell 
c He was a member of the 
Institute of Radio Engineers and author of 
many technical articles. 


William Sterling Fields (A’25) senior power 
engineer, American Rolling Mill Company, 
Ashland, Ky., died March 9, 1939. He was 
born March 9, 1901, at Sadieville, Ky., and 
received the degree of electrical engineer 
from the University of Cincinnati in 1924. 
From 1918 to 1924 he was employed in vari- 
ous capacities by the Union Gas and Elec- 
tric Company, Cincinnati, Ohio. In 1924 
he became supervisor of tests and power 
distribution for the American Rolling Mill 
Company, later becoming technician in the 
electrical power department, and _ senior 
power engineer, the position which he held 
at the time of his death. 


Albert Rolaz Gallatin (A’98) member of the 
brokerage firm of Smith and Gallatin, New 
York, N. Y., died in March 1939. Born 
in New York October 4, 1869, he received 
the degree of bachelor of arts in 1891 from 
Columbia University, where he later studied 
electrical engineering. He was associated 
with Smith and Gallatin for more than 30 
years. 


Membership 


Recommended 
for Transfer 


The board of examiners, at its meeting on May 
18, 1939, recommended the following members for 
transfer to the grade of membership indicated. 
Any objection to these transfers should be filed at 
once with the national secretary. 


To Grade of Fellow 


Keath, H. B., engineer, in charge of transformer div. 
Wagner Electric Corporation, St. Louis, Mo. 

Lisberger, S. J., chief, division of electric distribu- 
tion, Pacific Gas and Electric Company, San 
Francisco, Calif. 

Milburn, L. R., electrical engineer, Great Lakes 
Steel Corporation, Detroit, Mich. 

Stein, I. Melville, director of research, Leeds and 
Northrup Company, Philadelphia, Pa. 


4 to Grade of Fellow 


To Grade of Member 


Bass, J. H., equipment engineer, Southwestern 
Bell Telephone Company, Oklahoma City, 
Okla. 


Black, R. A., foreign trade manager, Ohio Brass 
Company, Mansfield. 

Briggs, A. F., assistant electrical superintendent, Sun 
Oil Company, Beaumont, Tex. 

Chase, D. D., central station department, General 
Electric Company, Schenectady, N. Y. 

Christenbury, F. L., superintendent of meter and 
relay division, Memphis Power and Light 
Company, Memphis, Tenn. 


Embtee, J. N., assistant distribution engineer, 
Union Electric Company of Missouri, St. 
Louis. 


Harkins, J. M., electrical engineer, Hydroelectric 
Power Commission of Ontario, Toronto, Ont., 
Can. 


June 1939 


Henderson, M. L., electrical engi 

2 » L. nmgineer, General 

‘, oe Company, Pittsfield, ase! 

ees assistant customer’s substation 
3 eee isconsin Electric Power Company, 

Jones, re de plant supervisor, Southwestern Bell 

at elephone Company, Oklahoma City, Okla. 

errigan, A. L., electrical engineer, Fitchburg 
Se Electric Light Company, Fitchburg, 

Laffoon, C. M., engineerin 
a Ml. g Manager, a-c generator 
septa eee pee Rrastinglouen Electric 
acturi itts- 

: burgh, a ng Company, East Pitts 

yons, 5. H., building and equipment engineer 
Southwestern Bell Te : 
Oklahoma City, Okla. spp <i E agepd 

Malsbary, J. S., electrical engineer, Wagner Elec- 
tric Corporation, St. Louis, Mo. 

McCluskey, F. J., assistant chief engineer, James 

_ _R. Kearney Corporation, St. Louis, Mo, 

Michael, J, H., assistant engineer, Allis-Chalmers 
Company, Milwaukee, Wis. 

Mollman, L. A., electrical engineer, Union Electric 
Company of Missouri, St. Louis. 

Muir, A, C., electrical engineer, The Berwind-White 

Coal Mining Company, Philadelphia, Pa. 

Poole, F. L., assistant professor of electrical 
oma University of Utah, Salt Lake 

Prosser, R. A., electrical shop department head, 
Seneca Vocation High School, Buffalo, N. Y. 

Robinson, C. P., synchronous division engineer, 
The Ideal Electric and Manufacturing Com- 
pany, Mansfield, Ohio. 

Sampson, C. L., engineer of transmission, protec- 
tion and plant extension, Northwestern Bell 
Telephone Company, Des Moines, Iowa. 

Summers, C. M.,, electrical engineer, General Elec- 
tric Company, Fort Wayne, Ind. 

Teague, W. L., engineer, Westinghouse Electric 
_ and Manufacturing Company, Sharon, Pa. 
Timoshenko, Gregory S., instructor in electrical 
engineering, Massachusetts Institute of Tech- 

nology, Cambridge. 

Wells, F. J., junior engineer, New York and Queens 
_ Electric Light and Power Company, Flushing. 

Whitlow, G. S., application engineer, General 
Electric Company, St. Louis, Mo. 

Wyatt, K. S., technical director, Enfield Cable 
Works, Ltd., Middlesex, England. 


28 to Grade of Member 


Applications 
for Election 


Applications have been received at headquarters 
from the following candidates for election to mem- 
bership in the Institute. Names of applicants in 
the United States and Canada are arranged by 
geographical Districts. If the applicant has ap- 
plied for direct admission to a grade higher than 
Associate, the grade follows immediately after the 
name. Any member objecting to the election of 
any of these candidates should so inform the 
national secretary before June 30, 1939, or August 
31, 1939, if the applicant resides outside of the 
United States or Canada. 


United States and Canada 


1. NortH EASTERN 


Camerlengo, J. M., General 
Pittsfield, Mass. 
Dickman, K. W., Harvard Business School, Boston, 


Electric Company, 


ass. 

Engel, G. W. (Member), International General 
Electric Company, Schenectady, N. Y. 

Krishnan, L. M., Massachusetts Institute of Tech- 
nology, Cambridge, Mass. 

Ritter, J., Stromberg Carlson.Telephone Manu- 
facturing Company, Rochester, N. Y. 

Rumsey, A. L. (Member), New York Telephone 
Company, Aibany, N. Y. 


Sutton, C. E., Jr., General Electric Company, 
Pittsfield, Mass. ; 
Thompson, L. W., General Electric Company, 


Schenectady, N. Y. 


2. MrIppLe EASTERN 


Askey, J. S., Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa. 
Blair, C. J., Ideal Electric and Manufacturing 

Company, Mansfield, Ohio. 
Blatt, R. C. (Member), care of Municipal Architect 


of the District of Columbia, Washington, 
DC 

Brown, H. M., United States Patent Office, Wash- 
ington, D. C. ; 

Giles, M. A., Ohio Public Service Company, Mans- 
field, Ohio 


Langevin, L. J., Westinghouse Electric and Manu- 
facturing Company, Cincinnati, Ohio. 

McCabe, D. (Member), Davison Chemical Com- 
pany, Baltimore, Md. 

McLaughlin, J. W. M., National Defense Power 
Committee, Washington, D. C. 


3. New York City (TERRITORY OF THE NEW 

York SECTION) 

Alford, A., Mackay Radio and Telegraph Company, 
New York, N. Y. 


News 


Campbell, J. W. (Member), American Telephone 
and Telegraph Company, New York, N. Y. 

Dunn, J. W. (Member), Public Service Electric and 
Gas Company, Newark, N. J. 

Felch, E, P., Jr. (Member), Bell Telephone Labora- 
tories, Inc,, New York, N. Y. 

Pease, R. M., Philco Radio and Television Cor- 
poration, New York, N. Y. 

Plank, C. S. (Member), American Telephone and 
Telegraph Company, New York, N. Y. 

Ruze, J., Signal Corps Laboratories, Fort Mon- 


mouth, N, J. 
Swart, L. K., Bell Telephone Laboratories, New 
York, N. Y. 


Whitmore, P. G. (Member), Ebasco Services Inc., 
New York, N. Y. 


4, Sournern 


Blackburn, L. A. (Member), Slaughter Saville and 
Blackburn, Inc., Richmond, Va. 

Mathews, W. £., Carolina Aluminum Company, 
Badin, N. C. 


5. Great LAKgs 


Bartholomew, D., University of Minnesota, Minne- 
mn be Ratti AED 
anchett, L. E., Bucyrus Erie Company, South 
Milwaukee, Wis. f supe 
Bullen, C. V., Barber-Colman Company, Rockford, 


Hanna, R. C., General Electric Company, Fort 
Wayne, Ind. 
Johnson, R. H., General Electric Company, Fort 
Wayne, Ind. 
Kahler, W. V. (Member), Illinois Bell Telephone 
_. Company, Chicago, Ill. 
Kilgour, A. E., Commonwealth and Southern Cor- 
poration, Jackson, Mich. 
Poole, W. C. (Member), Sinclair Refining Company, 
East Chicago, Ind. 
Schwandt, G. O., General Electric Company, Fort 
_ Wayne, Ind. 
Stites, H. E., Commonwealth and Southern Cor- 
poration, Jackson, Mich. 


6. Nortu CENTRAL 


McCormick, H. T., 43 Blair Avenue, Rock Springs, 
Wyo. 


7. SoutH West 


Bromagem, J., Southwestern Bell Telephone Com- 
pany, Fort Worth, Tex. 

Coryell, W. R., Jr. (Member), S. C. Sachs Com- 
pany, St. Louis, Mo. 

December, O., Houston Lighting and Power 
Company, Houston, Texas. 

Farmer, L. L., Nevada Consolidated Copper Cor- 
poration, Hurley, N. Mex. 

Gehm, E. S., Union Electric Company of Missouri, 
Webster Groves. 

Glenn, V. T., Mid-west Electric Cooperative Asso- 
ciation, Rotan, Texas. 

Plunney, J. M., Black and Veatch, Kansas City, 


oO. 
Stonecipher, G. A., Mountain States Telephone and 
Telegraph Company, El Paso, Texas. 


8. PAacrFIc 


Bertram, E. C., North American Aviation, Inc., 
Ingelwood, Calif. 

Collins, I. W., Pacific Gas and Electric Company, 
Oakland, Calif. 

Dutter, D. D., Southern California Edison Com- 
pany, Ltd., Los Angeles, Calif. 

Looper, F. B., Los Angeles Bureau Power and 
Light, Boulder City, Nev. 

Lough, H. N., Southern California Edison Com- 
pany, Ltd., Colton, Calif. 

Muller, C. R., United States Navy Yard, Pearl 
Harbor, T. H. 

Porter, J. C., General Electric Company, Los 
Angeles, Calif. 4 

Shideler, J. H., Route 2, Box 330, Hemet, Calif. 

Strong, R. T., Westinghouse Electric and Manu- 
facturing Company, San Diego, Calif. _ ; 

Thomas, W. C. (Member), Southern California 
Telephone Company, Los Angeles, Calif. 


9. NortrH WEST é 

Arnett, H. E., Portland General Electric Company, 
Portland, Ore. ; 

Canada, C. E. (Member), General Electric Com- 
pany, Portland, Ore. val 8 

Wing, W. C., Pacific Telephone and Telegraph 
Company, Spokane, Wash. 


10. CANADA 

Lillie, H., Bruce Peebles and Company, 
Montreal, Que. 

Peebles, R. M., Canadian Westinghouse Company, 
Hamilton, Ont. 

Smeaton, J. Dominion Cutout 
Toronto, Ontario, Canada. 


Total, United States and Canada—62 


Ltd., 


Company 


Elsewhere 


Veglery, A., Socony Vacuum Oil Company, Inc., 
Istanbul, Turkey. 

Sarma, T. N. R., Poona Electric Supply Company 
Ltd., Poona, India. ; 

Piazza, T. L., Compania Italo Argentina de Electri- 
cidad, Buenos Aires, South America, 


Total, elsewhere—3 
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Engineering Diteratare 


New Books 
in the Societies Library 


Electrical engineers may be interested in the 
following new books, which are among those re- 
cently received at the Engineering Societies Library, 
New York, N. Y. Unless otherwise specified, 
books listed have been presented by the publishers. 
The Institute assumes no responsibility for state- 
ments made in the following summaries, informa- 
tion for which is taken from the preface of the book 
in question. 


THEORY OF LUBRICATION. By M. D. 
Hersey. New York, John Wiley and Sons, 1938. 
175 pages, diagrams, etc., 9 by 6 inches, cloth, 
$2.50. Aims to give a balanced picture of the 
scientific background of modern lubrication. The 
topics considered are viscosity, the hydrodynamical 
and dimensional theories, temperature rise in bear- 
ings, and the problem of oiliness. A section on re- 
cent developments has been added to this edition. 
Bibliographies accompany each section. 


WATER SUPPLY ENGINEERING. By H. 
E. Babbitt and J. J. Doland. Third edition. 
New York and London, McGraw-Hill Book Com- 
pany, 1939. 690 pages, illustrated, 9 by 6 inches, 
cloth, $6.00. A comprehensive introductory text- 
book presenting material on finances, hydraulics, 
ground water and wells, dams and mechanical 
equipment, electrical equipment, distribution sys- 
tems, filtration, and the analysis, softening, and 
purification of water. 


THE THEORY of MACHINES. By T. Bevan. 
London and New York, Longmans, Green and 
Company, 1939. 549 pages, diagrams, etc., 9 by 
6 inches, cloth, $5.40. Following a brief résumé of 
the principles of elementary mechanics, the suc- 
ceeding chapters deal with the various fundamental 
types of mechanisms, such as gears, cams, belt 
drives, etc., and discuss the subjects of vibration 
and balancing. To facilitate the graphical solu- 
tion of problems, diagrams have been carefully 
drawn toscale. The answers to the problems given 
with the text are collected in the back of the book. 


HYDRAULICS FOR ENGINEERS AND EN- 
GINEERING STUDENTS. By F. C. Lea. 
Sixth edition. _New York, Longmans, Green and 
Company, 1938. 757 pages, illustrated, 9 by 6 
inches, cloth, $6.75. The opening chapters deal 
with the basic characteristics of fluids at rest and in 
motion. The several chapters following contain a 
detailed analysis of the flow of water over weirs, 
through orifices and pipes, and in open channels, as 
well as of gauging practice. A chapter on the im- 
pact of water on vanes is introductory to the de- 
scription and analysis of water wheels, turbines, 
centrifugal and reciprocating pumps, and other 
hydraulic machines. Streamline motion and dy- 
namical similarity are briefly discussed. 


SPECIFICATION DOCUMENTS FOR 
BUILDING MATERIALS and CONSTRUC- 
TION. Los Angeles, Calif., Pacific Coast Build- 
ing Officials Conference, 1938. 386 pages, dia- 
grams, etc., 8 by 5 inches, cloth, $4.00. The speci- 
fications in this volume form part of the Uniform 
Building Code of the Pacific Coast Building Officials 
Conference. They include those on building ma- 
terials, standards of fire resistance, and building 
appurtenances and equipment published by various 
national engineering organizations and adopted 
by the Conference. 


INCHLEY’S THEORY OF HEAT ENGINES. 
Edited and revised by H. W. Baker. New York 
and London, Longmans, Green and Company, 
1938. 445 pages, diagrams, etc., 9 by 6 inches, 
cloth, $3.60. Considerably: changed from the origi- 
nal book, this new edition retains the author’s idea 
“to give 10 a complete and concise form the thermo- 
dynamical principles of the subject.” Funda- 
mental general principles and then the more spe- 
cific applications are considered respectively before 
the discussion of devices: air compressors and 
motors, reciprocating steam engines, steam turbines, 
internal combustion engines, and mechanical re- 
frigerators. Heat transfer, combustion, and test 
methods are also included. 


INDEX TO ASTM STANDARDS AND TEN- 
TATIVE STANDARDS, January 1939. Phila- 
delphia, Pa. American Society for Testing Ma- 
terials, 1939. 129 pages, 9 by 6 inches, paper, free 
upon application. A convenient guide to the cur- 
rent state of standardization by the society, in- 
dexing all the specifications, test methods, and 
definitions now in force, regardless of the volumes 
in which they appear. Over 800 specifications are 
indexed under appropriate headings. 


SECOND REPORT ON VISCOSITY AND 
PLASTICITY. Prepared by the Committee for 
the Study of Viscosity of the Academy of Sciences 
at Amsterdam. N. V. Noord-Hollandsche Uit- 
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geversmaatschappij, Amsterdam; New York, Nor- 
demann Publishing Company, 1938. 282 pages, 
illustrated, 11 by 7 inches, cloth, $7.50. The first 
report of this Committee appeared in 1935. The 
second report includes surveys of further develop- 
ments treated in the first, and also a discussion of 
problems concerning the internal structure of 
liquids. Among the topics considered are the re- 
lation of the viscosity of liquids to their chemical 
and physical constitution, the motion of small 
elongated particles in a viscous liquid, the yield 
value, recent plastometers, and technical capillary 
viscosimeters. 


TENSOR ANALYSIS OF NETWORKS. By 
G. Kron. New York, John Wiley and Sons, 1939. 
635 pages, diagrams, etc., 9 by 6 inches, cloth, 
$7.50. Presents a new method of approach to the 
analysis and synthesis of networks through the 
use of tensorsand spinors. Although the book deals 
specifically with the organization of those sets of 
linear, algebraic equations occurring in the study of 
asymmetrical active networks having lumped con- 
stants, it also constitutes an introduction to similar 
applications of tensor analysis in other engineering 
fields. 


DIESEL ENGINES, THEORY AND DESIGN. 
By H. E. Degler. Chicago, American Technical 
Society, 1939. 270 pages, illustrated, 9 by 6 inches, 
cloth, $2.50. A practical elementary text which 
uses only elementary mathematics, intended for 
evening-school classes and home study. Thermo- 
dynamics, fuels and combustion, and testing are 
considered, together with the principles of design 
and the design of engine parts. 


HIGHER MATHEMATICS. By R. S. Bur- 
ington and C. C. Torrance. New York and Lon- 
don, McGraw-Hill Book Company, 1939. 844 
pages, diagrams, etc., 9 by 6 inches, cloth, $5.00. 
Designed primarily for students interested in the 
applications of mathematics to physics and engi- 
neering, the concepts presented have been developed 
with sufficient rigor to be suitable as well for stu- 
dents of pure mathematics. In the following 
topics the physical meanings of the various nota- 
tions and relationships have been emphasized, with 
the help of numerous examples and exercises: ad- 
vanced differential and integral calculus; differen- 
tial equations; infinite series; functions of a com- 
plex variable; vector analysis; and the calculus of 
variations. 


LIGHT. By F. Bray. Second edition. Lon- 
don, Edward’ Arnold and Company; New York, 
Longmans, Green and Company, 1938. 369 pages, 
illustrated, diagrams, etc., 8 by 5 inches, cloth, 
$2.50. The field of optics is covered quite fully in 
this elementary textbook, the subject matter in- 
cluding the fundamental phenomena of propaga- 
tion, reflection, and refraction, description of the 
eye and various optical instruments, and discussions 
of diffraction, polarization, and spectra. Questions 
with answers are included. 


NUMBER, THE LANGUAGE OF SCIENCE. 
By T. Dantzig. Third edition. New York, The 
Macmillan Company, 1939. 320 pages, illustrated, 
9 by 6 inches, cloth, $3.00. An account of the man- 
ner in which our concept of number has developed 
from finger counting into the modern science, writ- 
ten with a minimum of technicalities for the non- 
mathematically educated reader. A group of 
twenty-six short articles on technical, historical, 
ore puilceophical matters has been added in this 
edition. 


THE FUNDAMENTALS OF ELECTRO- 
MAGNETISM. By E. G. Cullwick. Cambridge, 
England, University Press; New York, The Mac- 
millan Company, 1939. 352 pages, illustrated, 
9 by 6 inches, cloth, $4.50. Starting with electro- 
statics and continuing through permanent magnets 
to electro-magnetic waves, the theory of electro- 
magnetism is here developed on the basis of demon- 
strable physical concepts, discarding, along with 
the unit magnetic pole, the attempt to establish 
and utilize an actual electro-magnetic field. Either 
the orthodox units or the new meter-killogram- 
second practical units may be applied. Many ex- 
amples and problems are included. 


PRACTICAL ELECTRIC ILLUMINATION 
AND SIGNAL-WIRING METHODS. By “I. 
Croft. Revised by G. H. Hall. Third edition. 
New York and London, McGraw-Hill Book Com- 
pany, 1939. 351 pages, illustrated, 8 by 6 inches, 
cloth, $3.00. Gives rules, methods, diagrams, and 
other data useful for many electrical jobs. In the 
illumination field will be found analyses of lighting 
requirements, design of circuits, and selection and 
installation of fixtures, including mercury and 
sodium yapor lamps. Methods for signal wiring 
work are given in line with Code requirements. 
Many signal circuit diagrams. 


PHYSICAL SCIENCE IN MODERN LIFE, 


By E. G. Richardson. New York, D. Van Nos- 
trand Company, 1939. 256 pages, illustrated, 8 by 


News 


5 inches, cloth, $3.00. An account intended for 
the general reader, of some recent developments in 
physics. The subjects chosen touch everyday ex- 
istence. Streams and_ eddies, vibrations and 
waves, colloids, heat, light, electricity, sensation 
and reaction are among the matters considered. 


NEON TUBE PRACTICE. By W. L. Schall- 


reuter. Second edition, revised. New York, 
Chemical Publishing Company, 1939. 255 pages, 
illustrated, 9 by 6 inches, cloth, $4.25. The open- 


ing section covers in a simplified manner the theory 
involved; gaseous conduction of electricity, elec- 
trodes, vacuum technique, etc. The next section 
explains tube manufacture, practical uses, and 
methods of installation. Various causes of failures 
are subsequently treated, and the final section is 
devoted to special tubes and discharge lamps, in- 
cluding mercury and sodium vapor lamps. 


MODERN MAGNETISM. By L. F. Bates. 
Cambridge, England, University Press; New York, 
The Macmillan Company, 1939. 340 pages, dia- 
grams, etc., 9 by 6 inches, cloth, $4.50. Attempts 
to treat the subject from the experimental rather 
than the theoretical point of view. Prominence is 
given to a description of fundamental experiments, 
and accounts are given of much experimental work, 
particularly foreign work, of importance to those 
interested in industrial applications of magnetic 
materials. 


THE MANAGEMENT OF MUNICIPAL 
PUBLIC WORKS. By D. C. Stone. Chicago, 
Public Administration Service, 1939. 344 pages, 
diagrams, etc., 10 by 7 inches, cloth, $3.75. The 
science of management as developed in industrial 
plants is here applied to municipal public works 
administration. Based on actual practice, the 
material covers all phases of accounting, purchas- 
ing, administration, etc., including many illustra- 
tions of sample forms. May serve as a reference 
manual as well as a textbook. 


THE JOURNAL OF THE ROYAL TECHNI- 
CAL COLLEGE. Volume IV, Part 3, January 
1939, pages 421-605. Glasgow, Scotland, Royal 
Technical College. Illustrated, 10 by 7 inches, 
paper, 10s. 6d. This publication constitutes a 
record of some of the research work carried out in 
the college by the staff and senior students. The 
topics include investigations in physical chemistry, 
metallurgy, mechanics, electrical measurements, 
photo-elasticity, etc. 


HOCHFREQUENZTECHNIK. Two volusnes. 
(Lehrbiicher der Feinwerktechnik, edited by K. 
Gehlhoff.) By J. Kammerloher. Leipzig, C. F. 
Winter’sche Verlagshandlung, 1938-39. Dia- 
grams, etc.,8by6inches. Volume I, 199 pages, paper 
6.90 rm., bound, 7.60 rm.; Volume II, 326 pages, 
paper, 11.50 rm., bound, 12.80 rm. In the first 
volume the theory and characteristics of electro- 
magnetic oscillatory circuits are developed, covering 
capacitors and inductance coils in general, various 
closed and open circuits, losses, and calculation 
fundamentals. The second volume considers the 
fundamentals and characteristics of diodes, triodes, 
and multi-grid electron tubes, amplifiers of varying 
a-c voltages, and sound-frequency amplifiers, in- 
cluding comparisons of theoretical with experi- 
mental values. 


ALTERNATING-CURRENT BRIDGE 
METHODS. By B. Hague. Fourth edition, 
New York and Chicago, Pitman Publishing Corpo- 
ration, 1938. 587 pages, diagrams, etc., 9 by 6 
inches, cloth, $8.50. This new edition contains 
theoretical and practical information dealing with 
a-c bridges for the measurement of inductance, 
capacitance, and effective resistance at low and tele- 
phonic frequencies. The separate chapters cover 
fundamentals, symbolic theory, apparatus, the 
classification of bridge networks, and the various 
available methods, including necessary precautions. 
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Application of Capacitance Potential 


Devices 


By J. E. CLEM 


FELLOW AIEE 


HERE has been evident need for some 

time for a general review of the factors 
influencing the application of capacitance 
potential devices. This need has been 
accentuated by the increasing use of 
bushing potential devices and the exten- 
sion of the field of application made 
possible by the introduction of the cou- 
pling-capacitor potential device. 

At the higher system voltages the 
cost of transformers for supplying poten- 
tial for relays has been a serious deterrent 
to the use of the relay equipment other- 
wise best adapted to the requirements of 
the installation. The introduction of the 
bushing potential device, and particularly 
of the coupling-capacitor potential de- 
vices later, offered a more economical 
method of obtaining the desired poten- 
tial. The first applications of bushing 
potential devices were for synchronizing 
and voltage indication, and later their 
use was extended to certain types of 
relaying. The introduction of the cou- 
pling-capacitor potential devices extended 
the field of application by making prac- 
tical the use of a nonresonant device 
and by making available higher outputs. 
These devices made possible a wider 
application of the use of carrier-current 
relay schemes, further increasing the 
field for the potential devices. 

Any misunderstanding of the inherent 
limitations of these devices may result 
in a failure to recognize their possibilities, 
or in a tendency to use the device outside 
its proper field of application. There- 
fore, this paper has been written to dis- 
cuss briefly general considerations in 
regard to types of devices and the selec- 
tion of the means of obtaining instrument 
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or relay voltage, to review the accuracy 
considerations and application require- 
ments, to describe the types of devices, 
and to present an analysis of the network 
constituting the device. 


General Considerations 


Types OF DEVICES 


Capacitance potential devices are di- 
vided into two general classifications: 
resonant and nonresonant. The resonant 
device may be used with a bushing or 
a coupling capacitor, the nonresonant 
should be used only with a coupling capaci- 
tor. In general the outputs from cou- 
pling-capacitor potential devices are con- 
siderably higher than the output from 
bushing potential devices. 

The resonant device may be adjusted 
so that the output voltage is in phase 
with the system line-to-ground voltage. 
With this adjustment the series reactance 
is approximately equal to the reactance 
of the auxiliary capacitor, that is, nearly 
in parallel resonance with it. 

No series reactance is used with the 
nonresonant device and the phase angle 
between the output voltage and the 
system line-to-ground voltage may be 
adjusted over nearly the entire range 
from 0 to 180 degrees lead, with maximum 
output at approximately 90 degrees lead. 


SELECTION OF MEANS 
OF OBTAINING VOLTAGE 


The choice of the method of obtaining 
from the circuit voltage a reduced voltage 
should be governed by the use to which 
the voltage is to be put. Obviously an 
ideal device would give a voltage exactly 
in phase with, and of constant propor- 
tionality to, the circuit voltage. How- 
ever, an ideal device is not available nor 
is it of practical necessity. 

The most accurate means at present 
is the conventional potential trans- 
former. Its characteristics may be 
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accurately predetermined and they re- 
main practically constant over the usual 
range of operating conditions. Potential 
transformers should be used whenever 
revenue wattmeters are to be operated or 
when known and consistent accuracy is 
the controlling factor. 

Potential devices may be used when 
their variation in accuracy is less than 
that- permissible from consideration of 
the use to which the voltage is to be put. 
They can be adjusted for a definite 
accuracy with a definite set of operating 
conditions but are subject to much 
greater variation in accuracy from changes 
in operating conditions. The resonant 
device ranks next to the potential trans- 
former in performance, with the non- 
resonant device next. 

For example, if only voltage indication 
and synchronizing are considered, a 
nonresonant device would be entirely 
suitable; if distance relaying is con- 
sidered the resonant device may be used. 
Each application should be carefully 
analyzed to make sure that the accuracy 
requirements are not beyond the per- 
formance of the devices before they are 
specified. 


AVAILABLE Output Watts “W” 


The gross input from a circuit to a 
capacitance potential device network is 
given by the following expression, de- 
veloped in appendix I 


W = 2rfCQi:EF: sin a (10) 


in which f is the system frequency, E 
and EF, are, respectively, the line and tap 
voltage to ground with the angle a 
between them, and C, is the coupling 
capacitance in farads. 

The net possible output of the device 
will be the watts calculated by use of this 
equation decreased by the losses in the 
device. The rating of the resonant de- 
vices is less than the possible net to insure 
suitable performance characteristics. 


Accuracy Considerations 


As mentioned previously, a potential 
device is subject to some inaccuracies 
not present in a potential transformer. 
It is therefore pertinent to analyze the 
factors affecting the accuracy to deter- 
mine the advisable field of application 
for the devices. The more important 
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Resonant coupling capacitor illus- 
trating unit type of assembly 


Figure 1. 


factors are leakage, changes in burden, 
line voltage, system frequency, tempera- 
ture, and transients. 


LEAKAGE 


Leakage over the surface of the cou- 
pling capacitor or over any insulation in 
the potential tap circuit may cause ap- 
preciable error. However, this error can 
be eliminated by proper design. 

Leakage over the coupling capacitors 
to the primary winding would cause a 
change in the phase angle of the current 
drawn from the circuit and introduce an 
error into the indication of the device. 
This, however, has been overcome by 
constructing the potential device, auxil- 
iary capacitor, and coupling capacitor 
as a unit so that this leakage current goes 
direct to ground, without the possibility 
of affecting the accuracy. See figure 1. 

Leakage occurring to ground between 
the coupling-capacitor terminal and the 
device winding would also introduce 
error. However, this has also been over- 
come by the unit assembly of the parts. 

The availability of the coupling capaci- 
tor stimulates its use also for carrier- 
frequency coupling. The carrier circuit 
must have minimum high-frequency 
leakage, this is also obtained by the unit 
assembly, and by the use of Performite- 
insulated cable with each end shielded 
from the weather, and supported by 
vertically mounted oversized insulators. 

Bushing potential devices are pro- 
tected from the effects of leakage because 
the capacitance is completely enclosed 
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and an armored cable is used for the tap 
lead. 


BURDEN CHANGES 


With few exceptions the impedances of 
potential coils of relays and instruments 
are essentially constant at all voltages 
so that the only cause for changes in 
burden is the connection or disconnection 
of devices such as voltmeters and syn- 
chroscope. Usually the error produced 
from this cause is relatively unimportant 
because the load change is relatively 
small. If the load change is enough to 
cause too great a change in accuracy, 
a dummy burden can be arranged to 
exchange positions with the burden being 
switched so that no resultant change in 
burden at all will occur. 

A closed magnetic circuit in the gross 
load on the network may introduce an 
error. Although the capacitor C,, for 
correcting power factor, may be adjusted 
to give unity power factor at normal 
voltage, some difficulty may still arise. 
For example, reference to the diagrams 
(figure 10 and figure 5) will show that the 
auxiliary capacitor C, is substantially 
in parallel with the device transformer, 
the adjustment transformer if used, and 
with the burden. Under certain condi- 
tions this circuit will become unstable 
and steady overvoltages of a highly 
distorted wave shape will exist across 
the transformer, and the relays, etc., 
which make up the load. This has been 
overcome in the device network by de- 
signing the device and adjustment trans- 
formers with low magnetic density and 
by providing an additional winding in 
the adjustment unit (see figure 5) so that 
residual voltage may be obtained without 
the use of an auxiliary transformer. 

Operating engineers should be rather 
cautious in regard to the use of relays 
which require the use of auxiliary trans- 
former, so as to avoid the possibility 
that this trouble may be set up by causes 
external to the device. 

This difficulty has not been encoun- 
tered with bushing potential devices, 
probably because of their more limited 
sphere of application and because the 
value of the auxiliary capacitance is much 
lower. 


CHANGE IN SYSTEM VOLTAGE 


Protective relays are called upon to 
act at the time of a fault and at this 
instant the line voltage is usually low. 
Since the magnetizing current is an 
appreciable portion of the total load 
taken by the network, the impedance of 
the network changes appreciably, and 
with it the accuracy. The performance 
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of the device should be investigated at 
the critical fault condition and, if neces- 
sary, readjusted to give the desired per- 
formance under these conditions. 
Ordinary fluctuations in system volt- 
age do not have an appreciable effect 
on the accuracy of the potential devices. 


CHANGE IN FREQUENCY 


Variations in frequency affect the 
accuracy of the devices by changing the 
relative values of the inductive and 
capacitive impedances in the network. 
The effect depends to some extent upon 
the voltage of the circuit and the burden 
being carried by the device. The follow- 
ing tabulation gives the approximate 
variation in accuracy for a 115-kv circuit 
with the device adjusted for an output of 
(50 + 715) volt-amperes. 


Cycles RCF Angle 
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Under steady-state conditions this 


effect is ordinarily of no consequence 
because present-day systems operate at 
a very steady and constant frequency. 
Under fault conditions the device will 
usually have performed its function be- 
fore the frequency has changed appreci- 
ably. 


CHANGES IN TEMPERATURE 


Changes in temperature affect the 
capacitance slightly and cause a slight 
error in the nonresonant device. If the 
dielectric in the auxiliary capacitor is 
different from that in the coupling 
capacitors a slight error will be caused 
in the accuracy of the resonant device. 
For the new oil-filled paper-dielectric 
coupling capacitor and accompanying 
auxiliary capacitors, the capacitance 
variation from —40 degrees to +100 
degrees centigrade is approximately 3.5 
per cent. 

Changes in temperature affect the 
burden and affect directly the accuracy 
of the nonresonant device as can be seen 
from the characteristics. The affect 
on the accuracy of the resonant device is 
negligible, as can also be seen from the 
characteristics. Usually the burdens are 
installed where the temperature changes 
are not extreme so that the temperature 
effect is not a serious factor. 


TRANSIENTS 


Potential devices, consisting of a net- 
work of capacitances and inductances, 
are inherently subject to transient dis- 
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turbances occurring when system condi- 
tions change suddenly, as when a circuit 
is switched on. 

Figures 2a and 2b are representative 
of what may occur on switching in. In 
figure 2a trace 1 shows the residual volt- 
age from the potential devices and trace 2 
shows the residual current. The oscilla- 
tory character of the residual voltage in 
connection with the large unidirectional 
component in the residual current gives 
incorrect information to the directional 
ground relay and the circuit may be 
dropped out unnecessarily. In figure 2d 
there is a marked oscillation in the re- 
sidual current instead of a large unidirec- 
tional component. In this case incorrect 
information will also be given to the di- 
rectional ground relay and the circuit 
may drop out. 

It should be noted that it requires 
an error in the current indication as well 
as in the potential device indication to 
cause an incorrect operation of the relay. 

The incorrect operation of the direc- 
tional ground relay caused by the inher- 
ent transient characteristics of the po- 
tential device in combination with the 
transient error in the current indication 
have been overcome and successful opera- 
tion secured by giving the overcurrent 
relay a sense of discrimination that enables 
it to distinguish between the true ground 
fault condition and a switching transient. 

Power systems are subject to over- 
voltages of a semi-steady character and 
of a transient nature. The first type oc- 


curs when a circuit is disconnected at 
the load end, in which case the voltage 
will build up to a value seldom exceeding 
1.75 times normal when voltage regula- 
tors are used. The devices must with- 
stand this overvoltage without becoming 
unstable and the design has been made 
accordingly. 

The second type occurs from switching. 
Records show that switching surges above 
three times normal are of very short 
duration, and that few even exceed one- 
quarter of a 60-cycle period. Accord- 
ingly the devices are not required to with- 
stand steady voltages in excess of two 
times normal, but they must withstand 
transient voltages without becoming 
unstable. The devices have been de- 
signed to remain stable when subjected 
to long-wave switching surges of three 
times normal. Sustained transient over- 
voltages (arcing grounds) in excess of the 
relief gap setting may cause damage to 
the gap electrodes from continuous arc- 
ing. 


Application Requirements 


SYNCHRONIZING 


The requirements for synchronizing 
are relatively simple—reasonably good 
phase angle and voltage indication. 
Since the nonresonant device may be 
adjusted over a wide range of phase 
angle it is well suited for use in synchro- 
nizing. The voltage indication to the 
synchroscope need not be precise so that 
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Figure 2. Switching- 
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in transients 


again the nonresonant device is entirely 
suitable. 


VOLTAGE INDICATION 


The accuracy requirement for ordinary 
switchboard indication of voltage is well 
within the range of potential devices. 


METERING 


Resonant potential devices may be 
used for metering in those cases when a 
reasonably accurate indication of load or 
kilowatt-hours is wanted. When revenue 
metering is considered conventional po- 
tential transformers should be used. 


RELAYING 


The various types of relays commonly 
used for protection on electrical systems 
require varying degrees of accuracy of 
the potential supplied to them. The 
ordinary directional relay characteristics 
are such that almost any reasonably good 
replica of the line potential will be suit- 
able. A shift of several degrees in phase 
angle or of several per cent in ratio would 
have no noticeable effect upon the over- 
all operation of the relay system. 

On the other hand, high-speed relays 
of the distance type require an accurate 
reproduction of the primary voltage or, 
lacking this, an accurate knowledge of 
the variation. With the high-speed 
distance relays the speed of response is 
great enough that any transient in the 
voltage supply due to a sudden change 
in the primary voltage must be investi- 
gated to see that there is no shift in 
phase angle which might cause incorrect 
operation. If there is simply a time delay 
transient, the speed of response of the 
relay system will be somewhat affected, 
but this, in general, is not serious as 
compared to a large phase-angle shift 
during a transient period. 

High-speed protection of the carrier 
pilot type works fundamentally upon the 
indication of directional relays, and if 
there be no transient phase-angle shift of 
large extent, the question of accuracy or 
fixed error is not of any importance with 
this type of protection. 

It is of more importance to the relay 
engineer to know the errors of the device 
than that any attempt should be made 
to build something capable of supplying 
a potential having no ratio or phase- 
angle error. In general, if the variations 
are known, it is possible to make the 
requisite relay settings to compensate 
for them. It should be pointed out that 
it is really more important that any errors 
which may exist in either the ratio or 
phase-angle relation between secondary 
voltage and the primary voltage be 
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Figure 3. Nonresonant potential device 


constant, because if these errors change, 
then it may be difficult or impossible to 
obtain the desired operation of the relay 
system. 

It is, therefore, evident in the applica- 
tion of capacitor potential devices to a 
protective relay system that no hard 
and fast rule can be laid down as to 
whether they are suitable or not, but it 
is a very simple matter to make this 
decision from the known characteristics 
of the potential supply and the require- 
ments of the relays. 

The types of relays which may com- 
monly be supplied from potential de- 
vices are: 


Phase directional relays 
Balanced current relay restraint coils 
Ground current directional relays 
Carrier pilot directional relays 
Distance relays 

Impedance 

Reactance 


These relays have been tabulated in 
approximately the order of severity of 
requirements. 

A phase-fault directional relay merely 
has to make a comparison of the angle 
between current and voltage and deter- 
mine whether the fault power flow is in 
one direction or the other. Since the 
two conditions are 180 degrees apart, 
and since the relays are customarily 
arranged to have maximum torque in the 
middle of the possible angular range of 
short-circuit currents, an error of even 
20 degrees makes only a small change in 
torque and would never cause .a false 
indication. The ratio error is also of 
small consequence as it also merely 
changes the torque slightly. Hence this 
type of relay will tolerate large errors in 
the potential device without any adverse 
effect upon its performance. It is 
probably safe to say that an error of 
20 degrees to 30 degrees and 20 per cent 
to 30 per cent in the potential device 
under low-voltage conditions, would be 
unnoticeable in the action of phase 
directional relays during short circuits. 

One type of high-speed balanced cur- 
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rent relay is provided with potential 
restraining coils in order to facilitate 
switching operation rather than to pro- 
vide any real change in the relay charac- 
teristic under fault conditions. The 


_ requirements are not at all stringent so 


that ratio errors as high as 30 per cent at 
low voltage are entirely acceptable. At 
normal voltage the errors should be kept 
below 15 per cent if the load over one 
circuit ever approaches the setting of the 
relay, while a higher error is permissible 
where the secondary current never reaches 
the minimum operating values. Phase 
angle error is of no consequence whatever 
during faults but at normal voltage should 
be kept below 15 degrees where the cir- 
cuit is heavily loaded and the power factor 
leading. 

The operating torque and hence the 
time of a directional ground current 
relay, is a function of the product of the 
zero-sequence current, the zero-sequence 
voltage, and some function of the angle 
between them. In many of these relays 
the operating torque opposes a resetting 
spring that provides definite values of 
minimum operating watts. The re- 
quirements are therefore a little more 
exacting than in the case of the phase 
relays because actual values of current 
and voltage are involved in the operation 
of the relay. On the other hand, there 
are so many unknown and variable 
factors in the zero-sequence current path 
that are not susceptible to exact deter- 
mination, that there is little necessity of 
requiring great accuracy in the potential 
device. The final settings of ground 
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Figure 4. Typical characteristic curves of 
nonresonant potential device 
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current relays are usually determined 
by experience so that errors in the poten- 
tial supply are not very significant. If 
the error is within 15 degrees and 15 per 
cent, potential devices should be satis- 
factory sources of voltage for directional 
ground current relays. 

On carrier pilot relaying the discrimina- 
tion is obtained by means of phase and 
ground current, directional relays and 
hence the requirements are quite similar 
to those enumerated for these types of 
relays. A somewhat greater accuracy is 
desirable because the results of relay 
actions at the two ends are compared via 
carrier. This is particularly true of a 
system subject to power oscillations dur- 
ing which the relay must surely block any 
tripping. Throughout a power swing the 
current, voltage, and angle between them 
are constantly changing and are different 
at any instant at different points in the 
system. 

It is important that the direction of 
power flow appear to the relays to be in 
the same direction as it actually is on the 
line. Otherwise during the changing con- 
ditions the relay at one terminal of the 
line may indicate a reversal of power flow 
before such reversal actually occurs. 
The ratio error is of relatively small im- 
portance, but the angular error should be 
held to very close limits if this end is to 
be achieved. On the other hand, the de- 
sign of the relay equipment at the present 
time is such that a 10-degree error would 
probably not noticeably affect the over- 
all operation and may, therefore, be 
tolerated. 

Distance relays are, in effect, tri- 
angulating instruments like a surveyor 
transit. Any error in the base quantities 
supplied to them has a direct, and usually 
linear, effect upon the accuracy of their 
performance. In a true impedance relay 
the error in distance measurement is a 
direct function of the ratio error but 
angular error would not influence it. 
Actually the phase relation of the cur- 
rent and voltage does have an appreciable 
effect upon most impedance relays but 
in a well designed device it may be made 
small. 


Reactance relays depend upon angular 
relationships as well as magnitude com- 
parisons but because of the trigonometric 
function involved, the error in distance 
measurement resulting from angular 
errors of current and potential devices, 
is not a fixed quantity. Upon lines 
having a high reactance-to-resistance 
ratio a few degrees error is inconsequen- 
tial as the distance measured is a func- 
tion of the sine of an angle near 90 
degrees. On the other hand the sine of 
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smaller angles, such as 40 degrees, changes 
much more rapidly per degree error. 


Striking an average, it is suggested that 
the ratio error should be less than five 
per cent for any distance relay applica- 
tion, when the primary voltage is ap- 
proximately the value to be expected for 
a fault at the end of the instantaneous 
zone, and that the angular error should 
be below five degrees for reactance re- 
lays and 15 degrees for impedance relays 
under the same voltage conditions. 


Types of Devices 


COUPLING-CAPACITANCE 
POTENTIAL DEVICES 


Nonresonant Device. This is the sim- 
plest type of capacitance potential device 
and consists essentially of a transformer 
in series with a capacitance as shown in 
figure 3a. The essential features of this 
device are that the voltage may be ad- 
justed to any desired phase angle, prac- 
tically from about 30 degrees to 150 
degrees, in relation to the line-to-ground 
voltage, and that once the adjustment is 
made the total burden must remain con- 
stant. This requires the use of an 
auxiliary burden which must be changed 
when the useful burden is changed. 


WHIGH-VOLTAGE LINE 


COUPLING 
CAPACITORS 


AUXILIARY 


CARRIER- 
CURRENT 
LINE TUNING 
UNIT. 


CARRIER 
epi as CAPACITOR 
TERMINAL GROUND . 
x CONNECTION ‘C*™ 
Sagipage 
---7275-> CHOKE COIL 
i Be WITH PRO- 
on TECTIVE GAP 
CARRIER 
CURRENT MAIN 
LEAD *A* : ae ve 
GAP A 


NO 
GROUND SWITCH 


a PHASE A 

ro) TTTTTTT CAPACITOR 

ee POWER FACTOR 

2 CAPACITOR 

= i 

a SECONDARY 

Ss LEADS TO 

re} INSTRUMENTS 

2 SEE NAME- 
PLATE FOR 
VOLTAGE 

POTENTIAL | ADJUSTMENT RATING 
DEVICE TRANSFORMER 


FOR POTENTIAL DEVICE OPERATION ONLY - 
CARRIER-CURRENT TERMINAL IS DIRECTLY 
GROUNDED AT GROUND CONNECTION “C* 

FOR BOTH POTENTIAL DEVICE OPERATION AND 
CARRIER-CURRENT COUPLING- REMOVE GROUND 
CONNECTION “C* AND CONNECT CARRIER-CURRENT 
TERMINAL TO CARRIER-CURRENT LINE TUNING 
UNIT WITH LEAD “A* 

Figure 5. Resonant coupling-capacitor poten- 


tial device 


Typical characteristic curves are shown 
in figure 4 applying to the devices used 
with the porcelain-type coupling capaci- 
tors. Similar curves apply to nonresonant 
devices used with the new oil-filled 
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paper-dielectric coupling capacitor except 
that the output is higher, 

Resonant Device. The resonant poten- 
tial device, when used within its inherent 
limitation, provides an economical and 
reliable means of obtaining potential for 
use with indicating and recording in- 
struments and for relaying purposes. 
Figure 5 represents the connection for 
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Figure 6. Typical characteristic curves of 
resonant potential devices 


obtaining line-to-ground voltage from 
one conductor. To obtain phase voltages 
two or three coupling-capacitor assemblies 
and potential devices would be required. 
Characteristic curves are shown in 
figure 6. 

The design of the capacitance potential 
devices is such that adjustments of 
voltage and phase angle may be made in 
steps of one per cent for voltage and one 
degree for phase angle. These adjust- 
ments are made by means of an adjust- 
ment unit which consists of an auto- 
transformer giving 69/115 wye volts and 
115 volts delta, together with a block of 
capacitors for phase-angle adjustment, 
and another block of capacitors for ad- 
justing the net power factor of the burden 
to unity. Voltage control is by means of 
taps on the primary side of the auto- 
transformer. 

Simultaneous Device and Carrier Cou- 
pling. Simultaneous use with carrier of 
either the resonant or nonresonant device 
with coupling capacitors requires the 
addition of a carrier-frequency choke to 
prevent dissipation of the carrier signal in 
the potential device. It is essential that 
this choke be very carefully designed so 
that it has a very high impedance over 
the carrier-frequency range and at the 
same time it must have very low losses. 
It must be able to withstand the lightning 
surges which are transmitted to it 
through the coupling capacitors, and it 
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must also stand the high-potential test of 
the potential device. 

When it is desired to use carrier in con- 
junction with the nonresonant potential 
device an auxiliary capacitor as well as a 
carrier-frequency choke must be added to 
the network as indicated in figure 3b. 
The addition of the auxiliary capacitance 
necessitates the addition of a compensat- 
ing inductance (not shown) to balance 
out the capacitive volt-amperes drawn by 
the auxiliary capacitance. 


BUSHING POTENTIAL DEVICES 


Resonant Device. These are, in gen- 
eral, of the same design as those used with 
coupling capacitors. Taps in the trans- 
former itself take the place of the adjust- 
ment transformer. Simultaneous carrier 
operation is impractical because the 
capacitances are built into the bushing in 
such a way that the auxiliary capaci- 
tance, tap to ground, cannot be isolated 
from ground for the carrier connection. 

Characteristic curves are shown in 
figure 6. 
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Available Output 


The available output from a capacitance 
potential device is the total input to the 
network decreased by the losses in it. The 
gross input to the network can easily be 
determined. In figure 7a, E; represents the 
net load, or burden voltage (see list of 
symbols and terms at end of appendix IV), 
and is drawn in figure 7b as the reference 
vector. Now draw in the net load current 
I at its angle of lag behind the net load 
voltage Ej. 

Then in figure 7b add the voltage drop 
Ear to the load voltage E; and obtain the 
tap voltage E:, from which is obtained the 
exciting current J,, and the current J» 


E, = Ey + [Zar (1) 
Es 
In = > 2 
a (2) 
Es 
et 3 
lp (3) 


Now find 1, the current in the coupling 
capacitor as the sum of the load current, 
the exciting current, and the current in the 
auxiliary capacitor, 


T= pepe ae a (4) 


From the current J; and the impedance 
Z, of the coupling capacitor find the voltage 
drop across the coupling capacitor, #;, and 
locate it in figure 7b. It is 


Fy — I,Z, (5) 
Now add £; to £; and get E as 


E=£, +f (6) 
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Figure 7. General equivalent circuit and 
vector diagram of potential device 


From figure 7b it is easy to see that the 
power taken from the line is 


W = El, sin B (7) 
But 
Ey 
Lh=> 5 
er (5) 
So that 
EE 
W = * sin B (8) 
Z; 


But from the figure 
FE, sin B = E, sin a (9) 
So that (8) becomes 


W = 2rfC, EF sin a (10) 


Equation 10 may be used to determine 
the maximum watts that may be taken from 
the circuit. The watts available at the 
load voltage F; will be the quantity calcu- 
lated from equation 10 decreased by the 
losses in the network. 
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Analysis of Network Circuit 


Case 1—Figure 8—Series Reactor in High- 
Voltage Side of Transformer. As men- 
tioned in appendix I the load current J is 
net, that is the current in the output 
winding of the transformer. The lagging 
component of the burden current is neu- 
tralized by the current in the power factor 
corrective capacitor C,. Then 


Ey = 12; (11) 


and the voltage /; on the input side of the 
transformer is the load voltage plus the 
drop through the transformer, 


E; = Ey + 1Z4 = I(Z, + Z4) (12) 
The exciting current is 

ae 2b 
he oe ( ) 


and this added to the load current gives the 
current which flows through the reactor, 
and the drop across the reactor. 
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SZ, 
fet tin nt (1+ %t4s) (13a) 
Zm 


and 


1p ree bya 


The tap voltage F, is the input voltage 
E, plus the drop across the series reactor Ez. 


EF. = E, + Ey, = (2; + Za) + IcZ2 
: Yb, Zh 
= (a+ 2 + 2,474%87,) 


(13b) 


m 
= IZ, (14) 
and obviously 
Z4,+ Z, 
Zp = 2+ Zat+ Ze + ————* Z, (18) 


Zm 


Also, the current in the auxiliary capaci- 
tor 


ee 


WAZ s 3) 


76) 
to which is added I, to get the current J; in 
the coupling capacitor, 


Z,+ Z, Lis 
h=hth=1(1 + 2b 24 5 2) (16 


The voltage drop across the coupling 
capacitor is J) Z, = ; and the line-to-ground 
voltage is given by 


EF=8,+ £, 


zy 44, LZ, 
(2.42.4 244s l 


ze 21+ Zs Aw 


I 


E 


ll 


th, 
I (2, TAZ Ae ot a) (17) 


m 


In (17) A is defined as 


AZ 


A 
22 


(18) 


Now re-insert the value of Z, from (15), 
divide by A, rearrange, and obtain 


cove 
AZm 


Zz sie Zz | (19) 


or |e eee 
Fie 7 (Z, + Za) + 


Zi + Za 
Zm 


(20) 


and then substitute K in (19), rearrange, 
and divide by K and get 


AK AK 
et yes bar eed Peg 
2h aaron 
Zr 
Let B = 1 
e T kz (22) 


and substitute B in (21) and obtain, after 
rearranging and dividing by B 


A 


Zr 
AKB 1(z, Le ack Z) es) 


= I(Z; + Zp) (24) 


In this equation (Z, + Z)) is the im- 
pedance of the network plus the load when 
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viewed from the capacitance tap and Zy 
is defined as 
Zp = Za + oo + Se (25) 


From (24), (11), (12), (130), the following 
are obtained 


Va; 1 
= ——_— —_—_ 26 
Load current J AKB Z, + Zn (26) 
By ZI 
= — —— 27 
Load voltage AKB Z, + Zn (27) 


oe Acne ee. 
Z Tee 
Ex, = _- pee, (: +7578) a9) 
ARB Oe o. Zins 


The volt-ampere output of the device is 
the product of the load voltage and the load 
current, both net values. 


VA = El (30) 
and 

E? 
VA = oi (31) 
From (26), 

eit 
= = oe (32) 
and then 

fle abe 2 


The expressions for the volt-amperes out- 
put can be put into a different form as 
follows. Let 


= = me* (34) 


K 

and write Eas He’? in which ¢ is the angle 
from E; to E, and €/¢ is the factor which 
expresses the vector phase position of the 
voltage FE in relation to the voltage E). 
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Figure 8. Potential device with phase angle 
reactor in high-voltage side of transformer 
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Figure 9. Potential device with phase angle 
reactor in low-voltage side of transformer 


joc 
| 


ELECTRICAL ENGINEERING 


ire 
" xcept when written in this manner E is 


a vector. When these values are inserted 
in (38) there results 


ei(k+o) _ rE 
mE/AB 
AB a. 


., ye mEE, 


(35) 
i It can be shown that the quantity Z,/AK 
is the same as Z;, Zz, and Zp in parallel, 
and knowledge of this results in the saving 
of a vast amount of labor if any calculations 


are made. The proof will be given in two 
steps to simplify it. First 

2 22: 

Bs 242, 


which obviously is the impedance of Z, and 


Z, in parallel. Then 

ay A 

MK A Z, 378) 
Ae. 

from which 

Z Ae 

Ar 2i/A Zn (37b) 


kearde.- Z,/A 


which obviously is the impedance of Z,/A 
and Z,m in parallel. Therefore Z,;/AK may 
be written 

a 1 

rman 5171/25 3/2 


(38) 


The equations for the case with the series 
reactor in the high-voltage side of the trans- 
former can be used as the general case and 
all others derived therefrom. 

Case 2—Figure 9—Series Reactor in Low- 
Voltage Side of Transformer; Case 3— 
Figure 10—Series Reactance Inherent in 
Transformer. For these two arrangements 
the factor B becomes unity and the series 
reactance, whether inherent in the trans- 
former, or in the low-voltage side, may be 
dealt with as one term except for one 
reservation. Ifthe reactor is external to the 
transformer the drop across it may be 
calculated separately from the drop in the 
transformer itself. 
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Figure 10. Potential device with phase angle 
reactance inherent in transformer 
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Figure 11. One potential device and three 
coupling-capacitor assemblies used for ob- 
taining zero-sequence voltage 
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The equations are 


ree ok 
4K 1 Zat Zz (38a) 
or 
rN 
Zn = AK + Zaz (38b) 
B02; 
E 
ed ay a 3g) 
E 2+ Zaz 
Trp 
et ag Maa en 
- ~ _2: 
rade oy iz. al) 
EE eters) — Fi 
minty mE/A 
VA 
7 : (42) 
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Case 4—Figure 11—Zero-Sequence Voltage. 
One Transformer and Three Capacitors. 
This connection is used to obtain zero- 
sequence voltage. The load voltage 


E, = IZ; (11) 
and the tap voltage 
FE, = (2, + Zar) (43) 
from which the exciting current 
Ey 

f 44 

m Zn (44a) 

ze Zz 

Im =I Zi + Zaz (44b) 


Zm 
and the current in the auxiliary capacitors 
E» 
Z» 


Zi + Zaz 
Z2 


Il 


(3) 


The current in the coupling capacitors 


=f Lt 3 (46) 


yf ah al 
T= Ij1+ (Zt Za)(Z- + 5) ] 4 


Assume that the current J; divides among 
the three coupling capacitors in the pro- 
portions a, b, andcsothata+b+c=1, 
and then 


Eq = UZ, + Zar) + 
ae 
al Exe (2+) 
Ey = (2, + Zar) + 
Li BZ + (48) 
bI Ea (2 + ral 
BE, = 1(Z, + Zaz) + 


fz Z1+Zaz) 1.) 
C iE i+(Z1+Zar ZAG, 


in which #,, Ey, and E, are system voltages 
line to ground. Let 


(49) 
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Figure 12. Three potential devices and three 
coupling-capacitor assemblies used for obtain- 
ing zero-sequence voltage 


and then the solution of these equations is 


Fie pee ym (50 
lah ara g ) 
OZ hae 
A geal 41 + Zar (51) 
AR Zia 2. 
l(t) _ Peis 
mE,E; mE/A 
VA = 2 
y Z, (52) 


Note that in these equations K is different 
because the network is different in detail. 
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Case 5—Figure 12—Zero-Sequence Voltage; 
Three Transformers; Three Coupling Capaci- 


tors. Rearrange (389) and get 
pe By -F LZ, (53) 
AK —= 1 n 


Write E, for E/AK and FE, for the 
secondary (low) voltage of the transformers, 
and then for the phases a, b, and c, respec- 
tively 


Fap = Eas + IZan 


Ep = Ey; + IZon (54) 
Ecp = Ey, + IZ ¢n 
Add and write 
E E, E 
Byy = 2+ Set Se (58) 
3 
Ey = Eas + Eos oF es (56) 
ZL Zz, LZ, 
ae = an a on ai cn (57) 
3 
Ei; 
fee (11 
Z| ) 
and then 
3Z 
E E (58) 
: sag MEY, 
3Zan 
, =Ea —E 59 
Ea: ap op he die oon, ( ) 


The other phase voltages as well as the 
voltage drop across the series reactance can 
be determined in a similar manner. 

It should be noted that in this case the 
power factor correction capacitor Cy is not 
included in the load and, therefore, must be 
included in Z, for each transformer. 


TRANSACTIONS 7 


List of Symbols 

W = Watts taken from the circuit 

VA = Load volt-amperes 

E = Circuit voltage—line to ground 

E; = Load or burden voltage 

Eq = Voltage drop in transformer im- 
pedance 

E, = Voltage drop across series imped- 
ance 

Ea, = Voltage drop of combined trans- 


former and series impedance either 
when latter is inherent in trans- 
former, or in output side 

E, = Tap voltage, or voltage across high- 
voltage side of transformer when 
auxiliary capacitance is not used 

E, = Voltage across coupling capacitors 

E;, = Voltage on input side of trans- 
formers, used when series reactor is 
on high-voltage (input) side of 


transformer 

Ey, Ey, E; = Respective phase voltages to 
ground 

E, = Pseudo primary voltage of trans- 
formers = E/AK 

E = Secondary voltage of transformer 

Yu = Load current — burden plus com- 
pensator, i.e., net 

Im = Exciting current of transformer 

Ty = Current in auxiliary capacitor 

qi = Current in coupling capacitor 

I, = Current in series reactor when it is 
on the high-voltage (input) side of 
transformer 

Z, = Impedance of load-burden plus 
compensation, i.e., net 

Za = Impedance of transformer windings 

Z, = Impedance of series inductance 


Zaz = Combined impedance of trans- 
former and series inductance either 
when latter is inherent in the trans- 
former, or in the output side 


Zm = Exciting impedance of transformer 
Z, = Impedance of coupling capacitor 
Zz = Impedance of auxiliary capacitor 
Zn = Impedance of network when viewed 


from the potential tap 
Z12, 223, 231 = Phase impedances of delta- 
connected burden 


0 = Angle between the net load voltage 
FE; and net load current J 

o = Angle between net load voltage and 
the circuit line-to-ground voltage 

a = Angle between Fy and E 

B = Angle between # and EF, 

k = Angle associated with 1/K 

C, = Coupling capacitor 

C, = Auxiliary capacitor 

Cq = Power factor corrective capacitor 

A = git 8 = Reciprocal of the ratio 


22 
of the tap voltage to the circuit 
line-to-ground voltage at no load 


LZ, 
B =1+4 KZ, 
. Zi 
K = Il az. one transformer, and 
one coupling capacitor 
aN 1 
AK 1/Z, + 1/22 + 1/Zn 
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K =1+ At one transformer, and 
i SAZ i 
three coupling capacitors 
Zia il 

8AK 3/2, + 38/Z2. + 1/Zm 
es = me* 
K 

a, b, c = Used as subscripts to indicate the 


respective phases 


Discussion 


L. F. Kennedy (General Electric Company, 
Philadelphia, Pa.): The use of capacitance 
potential devices for relaying purposes has 
not been very great because most engineers 
were inclined to question their accuracy. 
Mr. Clem has covered the factors affecting 
accuracy and at the same time given the 
accuracy requirements for different classes 
of service. The knowledge of what affects 
the accuracy and the broad requirements 
given should certainly be helpful in deter- 
mining when and where these devices may 
be used. 

In connection with the application re- 
quirements, it should be borne in mind that 
the figures of accuracy given in the paper 
are naturally those applying to the general 
case of application of the specific relay in- 
volved. There will be limiting cases with 
the different types of relaying wherein 
greater accuracy than that specified in the 
paper will be necessary. I feel it is suf- 
ficient merely to call attention to this fact 
and that all of us will be able to recognize 
those cases requiring greater accuracy when 
they arise. 

The causes of errors in the potential de- 
vice are in at least two cases of particular 
interest to the relay engineer. First, Mr. 
Clem points out that the use of a closed 
magnetic circuit in the gross load may in- 
troduce an error and even a type of oscilla- 
tion under certain conditions. Some relay 
devices of necessity contain closed magnetic 
circuits, but it seems that the difficulty 
pointed to by Mr. Clem can be avoided 
even though these closed magnetic circuits 
are used, provided their volt-ampere char- 
acteristic is linear over the operating range. 
As an example of this, a recent case showed 
that oscillation was caused by the use of a 
wye/delta auxiliary transformer for ob- 
taining zero-sequence voltage. The origi- 
nally installed transformer had the satura- 
tion curve shown by A on figure 1 of this 
discussion. The substitution of a different 
auxiliary transformer which did not saturate 
until a much higher voltage was impressed, 
as indicated by B, eliminated the tendency 
to oscillation. I should like to have Mr. 
Clem specifically say whether any trouble 
is liable to be encountered with a linear 
burden. Ifa linear burden does avoid these 
troubles, then the burden under all condi- 
tions is the important factor rather than the 
presence of a closed magnetic circuit. 

Mr. Clem has pointed out that incorrect 
relay operation has resulted because of the 
transients which are inherent in these 
potential devices. Since these incorrect 
operations were caused by a combination of 
transients produced by potential devices 
and also by transients in the current circuit, 
the means adopted to prevent incorrect 
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operation actually were applied to current 
relays in the equipment. To prevent opera- 
tion on the type of transient shown in 
figure 2a, wherein there is a relatively low- 
frequency current present caused by the 
decay of the d-c transient, a high-speed in- 
duction-type relay was used which would 
not respond to this low frequency but would 
operate in approximately one cycle of 
normal system frequency. In the second 
case, figure 2b, in an application involving a 
magnetic type of relay, incorrect operation 
was avoided by means of a by-pass shunt 
in parallel with the relay coil providing a 
path for the high-frequency current. 

Mr. Clem has pointed out that the 
potential supply from the capacitance de- 
vices has certain transients not encountered 
with potential transformers. It is possible 
theoretically to analyze the expected per- 
formance of relays from a supply of this 
kind. It appears safe to say that the 
transients which are present will not cause 
any incorrect operations. They may result 
in slightly slowing up some of the higher 
speed types but that appears to be all. 
There is, however, a great lack of any con- 
clusive field results to verify these theoreti- 
cal conclusions. It would seem to be in 
order to have a review made of the operating 
experience with various types of relays used 
in conjunction with potential devices in 
order that their application could be put on 
the firm basis which always comes from 
field verification of theoretical considera- 
tions. 


J. W. Farr (General Electric Company, 
Pittsfield, Mass.): The more important 
causes for potential device inaccuracies such 
as leakage, changes in burden, system 
voltage, frequency, and temperature, and 
transients have been briefly discussed in 
Mr. Clem’s paper. 

The amount of error resulting from these 
causes is mostly dependent on the design 
and circuit arrangement of the potential 
device. 

The following discussion of Mr. Clem’s 
paper applies particularly to ratio and phase- 
angle errors in a resonant-circuit device 
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} 
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when caused by changes in burden and 


system voltage. 

The resonant potential device consists 
essentially of a voltage transformer for 
stepping down the tap voltage EF, to a suit- 
able value for operating relays, instru- 
ments, etc., and series inductive reactance 
Zz or Zaz for adjusting the over-all circuit 
reactance to approximately zero, so that 
the phase angle will be substantially zero 
and the circuit will have a minimum amount 
of regulation. The series reactance may be 


_ obtained by connecting a suitable reactor in 


: 


series with either the primary or secondary 


side of the transformer or it may be ob- 


tained as an inherent characteristic of the 
transformer itself. 

Therefore, in general, three methods or 
arrangements may be used in designing the 
resonant-circuit device. These will be re- 
ferred to as follows: 


Case A—Voltage transformer with series reactor in 
the primary or high-voltage side. 
Case B—Voltage transformer with series reactor in 
the secondary or low-voltage side. 


Case C—Voltage transformer with inherent react- 
ance characteristics. 


The following comparisons are made to 
indicate which of these circuit arrangements 
should be most satisfactory from the stand- 
point of both operating characteristics and 
economy of construction. 

Case A and B each use a separate trans- 
former for stepping down the voltage and a 
reactor to provide the required inductive 
reactance. Taps are contained in both the 
transformer and the reactor for making 
adjustments. 

However, cases A and B, differ in that the 
reactor is placed in the primary circuit and 
secondary circuit of the transformer, re- 
spectively. The reactor in case A must be 
designed to stand the primary circuit volt- 
ages and consequently results in a much 
larger and more costly device. However, 
this design has higher accuracy and burden 
rating for two principal reasons. 

First, the transformer operates at nearly 
constant voltage regardless of load, and its 
core loss and exciting current are, therefore, 
constant. 

Second, the load current required to 
supply the internal losses of the trans- 
former must pass through the reactor as 
well as the bushing capacitances. The net 
reactance drop (regulation) caused by the 
transformer loss is, therefore, small. 

The reactor in case B can be built at low 
cost because of the low insulation require- 
ments. This circuit arrangement has the 
following disadvantages. 

First, the voltage across the transformer 
windings is a function of the burden be- 
cause the reactor is in series between the 
burden and secondary winding. The core 
loss and exciting current of the transformer 
are nonlinear values, varying with this 
voltage. This leads to considerable circuit 
regulation with change in burden. 

Second, the load current required to ex- 
cite the transformer is taken directly from 
the tap plate of the bushing and greatly re- 
duces the available output by causing a high 
capacitive reactance voltage drop at this 
point in the circuit. 

The arrangement in case C entirely 
eliminates the separate reactor. The re- 
quired inductive reactance is obtained as a 
leakage reactance characteristic of the 
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transformer. This circuit is advantageous 
because the same high degree of accuracy 
and burden carrying capacity of the case A 
arrangement is obtained, yet the small size 
and economical construction of the case B 
arrangement is realized, 


T. M. Blakeslee (Los Angeles Bureau of 
Power and Light, Los Angeles, Calif.) : 
Mr. Clem’s paper clears up considerable 
ambiguity that has surrounded the opera- 
tion of capacitance potential devices. The 
Los Angeles Bureau of Power and Light has 
made extensive use of these devices for 
supplying relay potentials, hot line indica- 
tion, and synchronizing on the Boulder Dam 
to Los Angeles transmission lines and has 
employed them for hot line indication and 
synchronizing on 110-kv and 132-kv cir- 
cuits. The devices have been generally 
very satisfactory. 

In connection with the operation of the 
resonant device the importance of the 
ground connection on the auxiliary capaci- 
tor is not always appreciated. When the 
device is used for carrier coupling the 
carrier equipment designer sometimes re- 
quires a fuse in the auxiliary-capacitor 
ground lead although just what protection 
this fuse offers to the carrier equipment is 
not clear. If the device is also used for 
supplying directional relay potential serious 
consequences are liable to ensue should the 
auxiliary-capacitor ground circuit become 
open by the mechanical failure of the fuse 
or by any other cause. 

The curves presented in figure 2 of this 
discussion show the change in phase angle 
and ratio of the resonant capacitor poten- 
tial device that may be expected to result 
from opening the auxiliary-capacitor ground 
lead. The curves in this figure are based 
on the correct adjustment of the potential 
device prior to the opening of the auxiliary- 
capacitor ground lead. 


P, O. Langguth (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): The author’s paper is timely 
in reviewing the application of the various 
arrangements of capacitance potential de- 
vices. It illustrates the changes necessary 
to meet present day requirements of the 
industry although differing little funda- 
mentally from the method originally de- 
scribed by us in 1928. As pointed out by 
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Figure 2. Typical ratio and phase-angle 

curves of resonant coupling-capacitor potential 

device resulting from opening the auxiliary- 
capacitor ground connection 
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the author, it is necessary to review the 
requirements of each application and com- 
pare them with the inherent limitations of 
potential devices to prevent unsatisfactory 
field experience. Field tests described by 
us in 1932 indicated satisfactory operation 
of the most usual relay schemes involving 
the several different potential devices. 

The effects of electrostatic leakage and 
transients are probably the most important 
of the accuracy considerations mentioned 
by the author, The problem of leakage in- 
volves the design of insulation surfaces and 
also elimination of parts exposed to the 
weather. Unit construction such as illus- 
trated in figure 3 of this discussion elimi- 
nates the hazards of exposed connections 
between the tapped capacitor stack and the 
potential network. Early experience with 
bushing potential devices indicated the 
necessity of adequate insulation of the tap 
connection. Succeeding designs have intro- 
duced improvements in insulation so as to 
eliminate varying leakage conditions and 
resulting varying errors with different 
weather conditions. 

Experience has shown that the secondary 
transient during a fault may be more 
detrimental to relay operation than when a 
circuit is switched on and in some cases this 
point must be carefully considered in the 
design of the secondary circuit. For ex- 
ample, a high-speed directional element on 
good lines may operate incorrectly due to 
the damped-wave oscillation of the poten- 
tial device which does not immediately go to 
zero. Suitable precautions in the design of 
the secondary circuit of the device are 
necessary so that these damped-wave oscilla- 
tions will not cause an apparent reversal of 
power on the relays that should not trip. 
This is particularly true of the high-speed 
directional watt element which functions in 
one cycle or less and, therefore, follows the 
damped-wave oscillation. The magnitude 
of the damped wave is of assistance rather 
than a hindrance to the watt element pro- 
vided the phase shift does not cause re- 
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Figure 3. Capacitor potential device, 115 kv 
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versal and thereby undesired tripping. 

We are somewhat surprised at the ap- 
parent difficulty which has been experienced 
with auxiliary potential transformers. We 
have employed them consistently in the 
past to obtain zero-sequence voltage. The 
phenomenon of two stable operating points 
for circuits involving capacitors and saturat- 
ing reactances is well known. With proper 
consideration of the saturating character- 
istics of the potential transformers, either 
main or auxiliary, danger of operation in the 
saturated region with attendant bad wave 
form may be avoided. The use of auxiliary 
transformers to obtain zero-sequence volt- 
age has the advantage of requiring fewer 
wires between the potential source and the 
switchboard. Attention is called to figure 
5 of the paper in which the adjustment 
transformer is an auxiliary transformer. 

The performance characteristics of the 
zero-sequence arrangements may be much 
more simply analyzed by the method of 
symmetrical components. This involves 
recognition of the fact that the output cur- 
rent and voltage are a function of the zero 
sequence voltage of the line only, so that 
the zero-sequence impedances of capacitors, 
reactors, and transformers may be used in a 
simple single phase equivalent circuit to 
determine the load voltage F; and the out- 
put, VA. This volt-ampere rating is a 
function of the primary zero-sequence volt- 
age. This voltage varies considerably with 
the system conditions but for standardiza- 
tion of ratings it should be based on a pri- 
mary zero-sequence voltage equal to the 
normal phase-to-neutral voltage rating of 
the coupling capacitor or bushings. 


D. B. Masters (The Commonwealth & 
Southern Corporation, Jackson, Mich.): 
This paper forms a very interesting pres- 
entation of the characteristics and inherent 
limitations of capacitance potential devices. 
It is encouraging to note that great im- 
provements have been made since the 
device was first developed and that it is 
finding an increasing field of application. 
Changes in design have evidently been 
made which decrease sources of error and 
permit a more accurate prediction of operat- 
ing performance. 

In considering their use as a source of 
potential for certain types of relays, it is 
evident that the effect of the device’s limita- 
tions upon the relay’s operation should be 
thoroughly investigated. This would seem 
especially pertinent with regard to re- 
actance-type relays in which the permissible 
ratio error and phase-angle error are quite 
limited. 

The gross input to the device is given in 
equation 10. It is our understanding that 
the net output is the above value less the 
losses. It is stated that the rating of the 
resonant devices are less than the possible 
net to insure suitable characteristics. What 
factors in the resonant circuit cause this? 
This seems to permit considerable latitude 
in the permissible output rating a manu- 
facturer can assign to the device. It would 
seem highly desirable to define performance 
characteristics so that ratings of the various 
types of devices would be on the same basis. 
It would also seem desirable to give ratings 
in volt-amperes as is the case for potential 
transformers. 

In the nonresonant device, the phase 
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angle between the primary and secondary 
voltages can be varied from 30 degrees to 
150 degrees. Is the ratio also variable and 
what is the range? In the resonant device 
it is stated that the voltage can be adjusted 
in one per cent steps and phase angle in 
one-degree steps. Over what range can 
these adjustments be made? 

Curves and data are given which show 
the variation in phase-angle and ratio- 
correction factors for various values of 
operating voltage. It would be interesting 
to know what the effect of operating a given 
voltage rated device at a lower system 
voltage is on the phase angle and ratio for 
the permissible burden and accuracy; as for 
example, a 154-kv device operating on a 
138-kv system. , 

In the general discussion and analysis of 
network circuits it is not stated whether the 
system neutral is grounded or isolated. 
Can it be said that the device is equally ap- 
plicable to either system or are there certain 
limitations inherent to the one system not 
encountered in the other? 


E. H. Bancker (General Electric Company, 
Schenectady, N. Y.): The old adage about 
“the proof of the pudding” is still as valid 
as when it was first written. It is actual 
experience with the making and using of a 
device that eventually results in the ironing 
out of the wrinkles and the establishment of 
confidence in its ability to perform certain 
functions for the benefit of society. The 
author of this paper has been intimately as- 
sociated with potential devices almost from 
their inception and knows both their design 
characteristics and the operating char- 
acteristics which have been experienced with 
those in service. In his paper he makes 
available to everyone the experience gained 
from his association with these devices, so 
that it is possible to make an intelligent ap- 
plication of potential devices for the supply 
of voltage to different pieces of equipment 
with knowledge of what may be expected 
in the way of results. The mathematical 
analysis given in the appendix makes it 
possible to calculate the performance under 
almost any operating condition which users 
should find convenient for those instances 
where the usual ratio and phase-angle cor- 
rection factor curves do not give sufficient 
information. This paper should be most 
helpful in applying potential devic2s in the 
future. If used with full knowledge of the 
results that can be obtained, potential de- 
vices become an extremely useful tool in the 
equipment of the utility engineer. 


J. E. Clem: It is very pleasing to note that 
the discussions are in general of a construc- 
tive nature. Mr. Kennedy asks definitely 
whether a burden containing a closed 
magnetic circuit will be liable to cause 
instability if the characteristic is linear over 
the range of operating voltages. Such a 
burden will not cause instability. Mr. 
Kennedy also mentions the fact that it 
would be desirable to have field verification 
of the various conclusions reached in the 
paper. Some of the conclusions in the 
paper actually are based upon field experi- 
ence, but it is admittedly desirable that a 
record of additional field results would be 
very helpful. 

Mr. Farr’s discussion is very helpful since 
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he points out the three methods by which 
the necessary reactance may be obtained | 
and outlines the reasons for the choice of 
the present standard type of construction. 

It is very encouraging that Mr. Blakeslee 
reports very satisfactory experience from 
the use of these devices. A fuse in the 
auxiliary-capacitance ground leads serves 
no essential purpose and may well be 
omitted. The curves submitted by Mr. 
Blakeslee indicate that the presence of the 
fuse may be a liability. 

It is pleasing that Mr. Langguth’s dis- 
cussion emphasizes several of the points 
brought out in the paper. However, the 
adjustment transformer in figure 5 is an 
auxiliary transformer in appearance only. 
In the design of the device the magnetic 
characteristics of the main transformer as 
the adjustment transformer are treated as a 
unit. A little further perusal of the paper 
will bring out the fact that the equations 
given for zero-sequence voltage give the 
same result as those which might have been 
obtained using the symmetrical-component 
method. The equations in the paper give 
consideration to the fact that the magnetic 
characteristic of the device is nonlinear. 

Mr. Masters, in his discussion, asks 
several pertinent questions. The rating of 
the resonant device is less than the maxi- 
mum possible output in order to keep within 
desirable phase-angle errors and ratio- 
correction factors. The present watt rating 
of these devices is above the maximum that 
has been required in any to which they have 
been put to date. 

The ratio of the nonresonant device is 
subject to control as shown in figure 4 of 
the paper. Taps are provided so that the 
operating tap voltage may be of any value 
between 100 per cent and 50 per cent. 
Ordinary changes in load voltage can be 
taken care of by the auxiliary burden. 

The resonant device is designed so that 
the correct voltage ratio may be obtained 
by means of adjustment in one per cent 
steps in voltage and one-degree steps in 
phase angle. Correct voltage ratio may be 
obtained at any burden within the rating of 
the device. The range of adjustment is 
selected from consideration of the tolerance 
permissible in the manufacture of the 
coupling capacitor and of the auxiliary 
capacitor. 

The effect of operating a device designed 
for one circuit voltage on another circuit 
voltage depends, to a certain extent, upon 
the type of device and on the relative volt- 
ages. The foregoing, of course, refer to a 
complete assembly of coupling capacitor, 
auxiliary capacitor, if used, and potential 
device. The potential device itself is the 
same regardless of circuit voltage. A non- 
resonant potential device would have its 
output decreased directly in proportion to 
the decrease in circuit voltage. If the 
change in the circuit voltage was not too 
great, the output of the nonresonant device 
would not have to be reduced nor would its 
characteristic curves be changed. If the 
change in circuit voltage is too great it 
would be impossible to get correct adjust- 
ment of ratio and phase angle on a resonant 
device. 

These devices indicate line-to-ground 
potential irrespective of whether the neutral 
is grounded, and are equally applicable to 
grounded or nongrounded circuits for that 
purpose. 
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Biihen@urrentelimiting Power Fuse 


By D. C. PRINCE 


FELLOW AIEE 


| ae may be used on large central 
station and industrial systems in lo- 
cations where a high interrupting capacity 
is required. The conventional fuse may 
clear a short circuit in a half cycle or 
several cycles. Associated apparatus is 
subjected to electromagnetic forces pro- 
duced by the high momentary currents. 
Good engineering practice dictates that 
all disconnecting switches, contactors, 
motor starters, etc., shall have short-time 
current ratings at least equal to the initial 
root-mean-square fault current which the 
system is capable of producing at the 
point of installation. Where these cur- 
rents are extremely high, a saving in size 
and expense of such apparatus can be ef- 
fected if the required short-time current 
rating can be reduced. Many attempts 
have been made and accomplishment has 
been achieved by the use of a fuse which 
consistently limits the initial peak current 
to a fraction of that available in the cir- 
cuit. The purpose of this paper is to de- 
scribe the new fuse. 

The economic value of a power fuse 
may be materially enhanced if it has, in 
addition to the usual requirements, the 
following features: 

1. Adequate interrupting capacity for in- 
stallation in modern central station and in- 
dustrial systems. 


2. Ability to limit the short-circuit current 
to a magnitude well below that which the 
system is capable of producing. 


3. Ability to interrupt high currents with- 
out the generation of gas which must be 
discharged to the atmosphere or dissipated 
in a high-pressure container. 


4. Silent operation with no discharge of 
metal parts, liquid, gas, or solid matter. 


5. Suitable means of readily detecting a 
blown fuse. 


Fuses having these desirable features in 


Paper number 38-65, recommended by the AIEE 
committee on protective devices, and presented at 
the AIEE summer convention, Washington, D. C., 
June 20-24, 1938. Manuscript submitted March 
26, 1938; made available for preprinting May 20, 
1938. 

D. C. Prince is engineer of the switchgear depart- 
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ASSOCIATE AIEE 


some degree, have been made available in 
Europe by Allgemeine Elektricitéts- 
Gesellschaft, Siemens-Schuckert, Brown- 
Boveri, Société Générale de Construc- 
tions Electriques et Méchaniques, and 
others, and have been partially described 
in European publications as indicated in 
the bibliography. These fuses, as manu- 
factured by the various European com- 
panies, are similar in general design but 
differ in details of construction, in ma- 
terials employed, and in published in- 
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Figure 1. Construction of the current-limiting 
fuse 


terrupting ratings. A new fuse has now 
been developed in the United States, and 
the authors consider it to be an improve- 
ment over the foreign fuses in these three 
respects. It is hoped that the material 
presented in this paper will be of value to 
the European engineers in extending their 
knowledge of the operating characteristics 
of this general type of interrupting device. 


Construction of Fuse Unit 


The new current-limiting fuse consists 
of an interrupting element of one or more 
main conductors wound on a supporting 
core and embedded in a granular inter- 
rupting medium. To these parts are 
added a housing, terminals, indicator, and 
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thermal chambers as shown in figure 1, 

The main conductors are pure silver 
wires and the supporting core is high- 
temperature ceramic material. The ends 
of the wires are welded to copper con- 
nection strips which are in turn welded 
to the terminals or ferrules of the fuse 
unit. The interrupting medium is in the 
form of granular quartz and surrounds the 
conductor wires and occupies the space 
between the core and the Pyrex fuse tube 
in which the entire assembly is sealed. 
The granular quartz is prevented from 
coming in contact with a short length of 
the conductor wires, at their centers, by 
a number of thermal chambers which are 
formed from high-temperature ceramic 
material. 


A target wire is welded to the upper 
connection strip and passes through a 
hole in the center of the core and ter- 
minates in a chamber at the bottom con- 
taining a small quantity of gas-producing 
chemical. A thin copper target is lo- 
cated below the chemical chamber and 
is arranged so that it is cupped inwardly 
until the blowing of the fuse causes it to 
reverse its curvature as indicated in 
figure 1. 


Every material used in the current- 
limiting fuse, with the exception of the 
target chemical, is inorganic in nature and 
is subject to the minimum amount of 
corrosion and deterioration. It is pos- 
sible to use a wide variety of materials 
for each of these components but the re- 
sults of several years of research in this 
country and Europe indicate that the ma- 
terials described in this paper provide the 
most efficient operation of any now avail- 
able. It is reasonable to expect, however, 
that further research will uncover new 
and improved materials which will in- 
crease the efficiency of the fuse without 
altering the fundamental principle of cir- 
cuit interruption. 


Operation 


The interruption of an electric circuit 
by any device is accompanied by the re- 
lease of system energy in the form of an 
arc and is followed by voltage disturbance. 
In a given circuit, the amount of energy 
released in the arc depends upon arc volt- 
age, current, and the duration of arcing 
time. Modern improvements in opera- 
tion of circuit-interrupting devices have 
been based principally upon limiting the 
duration of the are and upon efficient dis- 
sipation of arc energy. A reduction in the 
magnitude of are current has offered a 
fertile field for development which, until 
the advent of the current-limiting fuse, 
had hardly been touched. 
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Figure 2. Reproduction of typical magnetic 
oscillogram of fuse operation 


The current-limiting action of the fuse 

is best explained by reference to the re- 
production of a typical magnetic oscillo- 
gram of a high-current test, figure 2, 
which shows the actual current and the 
current which would have existed had the 
fuse not been in the circuit. The short 
circuit begins at a, the silver wires vola- 
tilize and arcing begins at b, and the cir- 
cuit is interrupted at d. A short-circuit 
root-mean-square current of 60,000 am- 
peres is thereby limited to a maximum 
(peak) of 2,000 amperes. 
:' When the silver wires volatilize at }, 
the silver vapor expands to approximately 
400 times the volume originally occupied 
by the wire. The force of the expansion 
throws all of the silver vapor out of the 
arc path and into the space between 
quartz granules. It condenses on the sur- 
face of the relatively cool granules and is 
no longer available for current conduction. 
The arc is thereby confined to the small 
space previously occupied by the silver 
wires. This results in an intimate 
physical contact between the hot are and 
the cool quartz granules which causes an 
exceedingly rapid transfer of heat from the 
arc to the quartz granules. Most of the 
arc energy is dissipated in this heat trans- 
fer as the pressure generated in the fuse 
is practically negligible. 

The volatilization of the silver con- 
ductors and the sudden removal of the 
vapor from the are path has the effect of 
suddenly inserting a very high resistance 
into the circuit at the instant that the 
silver wires melt. If the melting occurs 
before the short-circuit current reaches its 
normal initial peak magnitude, the rise of 
current is cut off and the current rapidly 
decreases to a magnitude, c, figure 2, well 
below that at which melting occurred. 
At point c sufficient resistance has been 
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inserted to produce a power factor ap- 
proximating unity and the remaining de- 
cay of the current is practically in phase 
with the voltage. Thus the current- 
limiting fuse tends to select the most 
favorable instant, the normal zero of 
both current and voltage, for final inter- 
ruption with minimum disturbance. 


The fuse functions as a current-limiting 
device on all currents which melt the con- 
ductor wires before the current reaches its 
initial normal peak. Obviously, the fuse 
cannot limit a current which reaches its 
peak before the conductor wires melt. 
Low currents cause the conductor wires 
to melt within the thermal chambers and 
to burn back toward the terminals at a 
rate which is dependent upon the cur- 
rent magnitude. On extremely low cur- 
rents (currents requiring 30 minutes or 
more to melt the conductor wires) the are 
may exist for several cycles before a gap 
of sufficient length to interrupt the circuit 
is introduced. 


During the arcing period, the quartz 
granules in the vicinity of the arc melt 
and upon cooling form a hollow shell or 
fulgurite consisting of fused quartz and 
a small percentage of silver. The ful- 
gurites have a dielectric strength, when 
cold, in excess of 10,000 volts per inch. 
Figure 3 shows a core with the main con- 
ductors before the fuse has functioned 
and the same core with the fulgurites 
formed during operation. 

The operation of this novel interrupting 
principle at high currents inherently in- 
troduces new conditions which are not 
encountered with devices of a more con- 
ventional nature. The volatilization of 
the silver wires and the insertion of a high 
resistance into the circuit creates a volt- 
age surge with a magnitude which is a 
function of the current at the instant of 
melting, the ohmic value of the resistance 
inserted, and the constants of the circuit. 
In developing this new fuse, the three 
factors affecting the surge voltages have 
been carefully studied with many cathode- 
ray oscillograms of both voltage and cur- 
rent. The crest of the surge voltage is 
far below the corresponding basic im- 
pulse insulation level! and the maximum 
surge voltage only slightly exceeds the 
crest of the 60-cycle AIEE one-minute 
test for rotating machines. ? 


Design and Tests 


Some of the earlier known fuses con- 
sisted of a metallic conductor surrounded 
by an interrupting medium of granular 
or powdered materials. Thousands of 
these older devices are now in service in 
the form of low-voltage cartridge fuses, 
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high-voltage potential transformer fuses, 


and a limited number of high-voltage 
power fuses. In general, the operation of 
these devices produces pressures which 
are liable to disrupt the fuse tube if the 
current exceeds a few thousand amperes. 
The operation of the high-voltage de- 
signs on extremely low currents is ques- 
tionable unless some mechanical means? 
is provided to remove the conductor from 
the tube. The current-limiting action of 
these older fuses is practically nonexist- 
ent. With this background of mediocre 
success previously experienced with to- 
tally enclosed fuses, the design of a high- 
interrupting-capacity restrained-pressure 
fuse of this general type seemed, at first, 
to be impossible. However, “‘the impos- 
sible’ has again been accomplished by 
taking advantage of new and improved 
materials which were not available to the 
designers of the older fuses together with 
new techniques and a better understand- 
ing of the interrupting process. 


The successful operation of the current-_ 


limiting fuse is dependent upon the ma- 
terial selected and the correct assembly 
and arrangement of all parts with respect 
to each other. The selection and arrange- 
ment of all materials was made by con- 
ducting comparative interrupting tests 
under controlled circuit conditions. The 
material or arrangement which inter- 
rupted a given current at a given voltage 
with the minimum length of conductor 


Figure 3. Core and conductor wires before 


and after operation 
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wire was selected as optimum. The use 


of a synchronous closing switch and a 


cathode-ray oscillograph made it possible 
to differentiate quite closely between 
materials which differed only slightly in 
composition. 

The physical characteristics of the in- 
terrupting medium are of major im- 
portance as this material must: (a) re- 
move heat from the conductor wires dur- 
ing normal operation, (b) provide a con- 
densing surface for the metallic vapors 
during circuit interruption, (c) cool the 
are during circuit interruption, (d) pro- 
duce no gas at are temperature, and (e) 
provide sufficient dielectric strength after 
A number of ma- 
terials were investigated and the char- 
acteristics of granular quartz were such 
that it was selected as the available ma- 
terial nearest the ideal. 

The ceramic material used for the ther- 
mal chambers and the core supporting the 
conductors is exposed to arc temperatures 
at which ordinary ceramics will melt. The 
particular material for these parts was 
especially developed to maintain high 
resistivity at arc temperatures. 

The diameter and number of wires 
placed in a given tube determines the cur- 
rent rating of the fuse and also the degree 
of its ability to limit the actual short- 
circuit current to a fraction of that 
available in the circuit. The length of the 
wires, in a given interrupting medium, 
determines the voltage rating of the fuse. 
The variation in length of single wires, 
of various diameters, necessary to inter- 
rupt a given voltage is indicated in figure 
4. It will be noted that single small wires 
interrupt low currents with shorter wire 
lengths than those required for high cur- 
rents whereas the reverse is true of larger 
single wires. The use of a large number of 
wires in parallel makes possible the design 
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Length of single wires for the inter- 
ruption of a given voltage 


Figure 4. 
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of high-current ratings with total wire 
sections larger than can be used with 
single wires. The subdivision of con- 
ductor wires not only reduces the current 
density in any one are path but also pro- 
vides a cascading effect during low-cur- 
rent operation. That is, a number of 
low-current arcs in parallel are unstable 
and one arc tends to take all of the cur- 
rent. If there are originally ten arcs in 
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Figure 5A 


Fuse rating —23,000 volts, 20 amperes 

Test voltage —24,000 volts 

Available root-mean-square current—5,000 
amperes 

Actual peak current—1,730 amperes 

Total duration—0.0055 second 

Curve A—Voltage across fuse 

Curve B—Current through fuse 


Curve C—Test generator voltage 
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Figure 5B 


Fuse rating—15,000 volts, 10 amperes 

Test voltage—15,000 volts 

Available root-mean-square current—12,500 
amperes 

Actual peak current—840 amperes 

Total duration—O0.0056 second 

Curve A—Voltage across fuse 

Curve B—Current through fuse 

Curve C—Test generator voltage 


Figure 5C 


Fuse rating—15,000 volts, 3 amperes 

Test voltage—15,000 volts 

Available root-mean-square current—10,400 
amperes 

Actual peak current—230 amperes 

Total duration—O.00085 second 

Curve A—Voltage across fuse 

Curve C—Current through fuse 

Curve D—Cathode-ray-oscillograph trip 


Figure 5. Typical magnetic oscillograms 
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Figure 6. Typical cathode-ray oscillograms 


parallel and one of these arcs takes all 
of the current, the other nine are tem- 
porarily extinguished. At 10 times mini- 
mum melting current the one remaining 
are is quickly and permanently extin- 
guished. The voltage may restrike an 
are successively in any or all of the other 
nine paths, but each are in turn will be 
quickly and permanently extinguished. 
The use of multiple wires, therefore, re- 
duces the length of wire required for low- 
current interruption to a value approach- 
ing the high-current length, indicated in 
figure 4, for single wires. 

Hundreds of interrupting tests at rated 
voltage were conducted to establish design 
data for a line of fuses in standard voltage 
ratings from 2,500 to 23,000 volts. The 
results of a few of these tests are given in 
table I. Typical magnetic oscillograms 
are shown in figure 5 and typical cathode- 
ray oscillograms are shown in figure 6. 
Tests were conducted with the fuse con- 
nected in the circuit near the generator 
terminals with practically no external ca- 
pacitance or resistance. Additional tests 
were conducted with capacitors across the 
fuse to simulate a connected transmission 
line, and again with a series reactor tend- 
ing to stiffen the circuit. The operation 
of the fuse was unimpaired by these 
conditions. The normal station rates of 
rise of recovery voltages were consider- 
ably modified by the fuse as indicated in 
table I. 


Application 
The current-limiting fuse does not ex- 
pel gas or metallic parts during operation. 


It may be completely enclosed and 
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mounted with the same electrical clear- 
ances used for other noninterrupting de- 
vices such as disconnecting switches and 
bus-bar supports. This feature makes the 
fuse particularly advantageous for ap- 
plication indoors or in metal-enclosed 
equipments where space economy is es- 
sential. 

Since the fuse cuts off the short-circuit 
current before the available peak magni- 
tude is reached, its application permits the 
use of associated apparatus with a lower 
short-time current rating than would 
otherwise be possible. The selection of 
connected apparatus may be made on 
the basis of the actual current which the 
fuse will pass, as shown in figure 7, 
rather than on the basis of the current 
which the circuit is capable of producing. 

As an example of the reduction in size 
of connected devices made possible by 
the use of the current-limiting fuse, con- 
sider a single item, the disconnecting 
switch. A 7,500-volt 1,200-ampere dis- 
connecting switch has a one-second rat- 
ing of 60,000 amperes.* It is the minimum 
size switch which may be safely applied 
in a 6,600-volt 75-ampere circuit with a 
fault current of 35,000 amperes unless a 
current-limiting fuse protects the circuit. 
A 100-ampere fuse will limit the fault 
current to a peak of 13,500 amperes and 
permit the use of a 400-ampere switch 
instead of a 1,200-ampere switch. The 
same reasoning may be applied to all other 
devices in the circuit with a substantial 
over-all saving to the purchaser. 


Summary 
1. Current-limiting fuses have been 


developed and tested which will interrupt 
a short circuit well before the current 
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reaches the maximum value it would at- 
tain were the fuse not present. 

2. These fuses have many desirable 
characteristics such as high interrupting 
capacity, silent operation, no discharge 
of any kind during interruption, and prac- 
tically no pressure generation. 

3. Such fuses have an ideal application 
in the protection of small-capacity circuits 
connected to high-power buses because 
the associated devices in the circuit are 
not subjected to the heavy momentary 
short-circuit current which would exist 
were the fuse not present. 
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Table I. Typical Test Results 
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* The root-mean-square available current is the maximum root-mean-square asymmetrical current which 


the circuit can produce in the absence of the fuse. 
mitted by the fuse in the specific test. 


The actual peak current is the maximum current per- 
The actual peak current varies with the angle of the voltage wave 


at which the short circuit occurs as indicated in figure 7. 


** The available recovery rate is the recovery rate which occurs in the absence of the fuse. 


The actual 


recovery rate, with the fuse in the circuit, is given only where cathode-ray measurements were made. 
} Current ratings are subject to change pending the decision reached by the joint EEI-NEMA committee 


which is now studying this subject. 
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Discussion 


- 


T. G. LeClair (Commonwealth Edison 
Company, Chicago, Il.): The develop- 
ment of a current-limiting power fuse is an 
important forward step in the art of circuit 
interruption. The advantages of this prin- 
ciple for a-c circuits are comparable to the 
advantages of the high-speed circuit breaker 
on d-c circuits because of the reduction in 
the destructive effect of high currents, 

The paper contains a very good descrip- 
tion of what takes place when the fuse satis- 
factorily interrupts the circuit. However, I 
assume that like all other interrupting de- 
vices the fuse must have an upper limit be- 
yond which it will fail to function. I should 
like to ask Messrs. Prince and Williams 
what determines this upper limit and what 
is the nature of the breakdown when the 
limit is exceeded. Is the limit in interrupt- 
ing ability measured by the ability of the 
interrupting material to absorb the power 
loss in the are during the period between the 
melting of the silver conductor and the next 
current zero? If so, is the interrupting 
ability then somewhat a variable depending 
upon the point on the voltage wave at which 
the short circuit occurs? 

We frequently use fuses for the somewhat 
special purpose of short-circuiting a current- 
limiting reactor in order to reduce the duty 
on the circuit breaker in the event of a three- 
phase short circuit. Would this applica- 
tion with high reactance paralleling a fuse 
tend to increase the rate of rise of recovery 
voltage, which is already high due to the 
characteristic of the fuse itself? 

Most of the discussion of this paper is 
naturally devoted to the essential feature 
of the new development, which is the speed 
of interruption and the consequent reduc- 
tion of short-circuit current. Another fea- 
ture which is important in the application of 
fuses, and particularly one of this type, is 
the time-current curve to determine the 
melting time of the fuse element at various 
percentages of normal fuse rating. It would 
seem to me from the fact that variations can 
be made in the number and size of fusible ele- 
ments, that it would also be possible to ob- 
tain some measure of control on the shape 
and time-current curve for initial fuse melt- 
ing. I would appreciate some comment from 
Messrs. Prince and Williams on this point. 


O. R. Schurig (General Electric Company, 
Schenectady, N. Y.): One of the important 
advances made in the development of the 
current-limiting fuse is represented by the 
high value of the available short-circuit 
current in circuits which the fuse will inter- 
rupt. 

As the authors have pointed out, the fuse 
has been successfully tested, interrupting 
available short-circuit currents up to 77,000 
root-mean-square amperes. This is accom- 
plished without developing high internal 
pressure and without expulsion effects, by 
so designing the fuse that circuit interrup- 
tion takes place without the decomposition 
of any products in the fuse and that a cur- 
rent-limiting action occurs causing large 
short-circuit currents to be cut off before 
the peak value of the available current has 
been reached. The resulting benefits in re- 
spect to reduced thermal and mechanical 
effects in the apparatus subjected to the 
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Table I. 
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short-circuit currents during operation of the 
fuse have been brought out in the paper, 

It can readily be shown that there is need 
for a fuse capable of interrupting the higher 
short-circuit currents. For this purpose, 
the available initial short-circuit currents 
(root-mean-square amperes unsymmetrical) 
in circuits at 2,300, 4,600, 6,900, and 18,800 
volts with a maximum generating capacity 
within the range from 10,000 to 150,000 kva 
are indicated in table I on the basis of ten 
per cent subtransient reactance. It is of 
course recognized that the actual system 
impedance determining the magnitude of 
the initial short-circuit current may differ 
from ten per cent in many systems, con- 
sidering on the one hand such factors as 
circuit impedance due to interconnections 
between separate generating stations, and 
arc resistance, which tend to lower the short- 
circuit current, and on the other hand the ef- 
fects of rotating machines other than genera- 
tors which tend to increase the initial short- 
circuit current. However, the values ar- 
rived at may be considered as fairly repre- 
sentative of the approximate order of magni- 
tude for the upper limit of short-circuit 
currents. 

It is seen from the table that a 2,300-volt 
system with 10,000-kva generating capacity 
at ten per cent subtransient reactance would 
have a root-mean-square unsymmetrical 
short-circuit of 43,000 amperes. A system 
with 20,000-kva generating capacity under 
similar conditions would have 86,000 am- 
peres unsymmetrical root-mean-square ini- 
tial short-circuit current. 

Similarly a system of 50,000-kva generator 
capacity would have 109,000 root-mean- 
square amperes initial unsymmetrical short- 
circuit current at 4,600 volts, or 72,000 am- 
peres at 6,900 volts. 

On the same basis, a system of 100,000- 
kya generating capacity would have an 
initial root-mean-square unsymmetrical cur- 
rent of 72,000 amperes at 13,800 volts. 

Short-circuit currents as high as those in- 
dicated in the table are no longer rare in 
central-station or industrial circuits. In 
testing the fuses at available currents as 
high as approximately 80,000 amperes.root- 
mean-square unsymmetrical, the authors 
have not exceeded present-day maximum 
requirements in modern large systems. It is 
also significant that this current approaches 
the order of magnitude of the interrupting 
ratings of the largest oil circuit breakers 
specified in the NEMA oil circuit breaker 
standards (publication 36-38). 


G. F. Lincks and S. R. Smith, Jr., non- 
member (General Electric Company, Pitts- 
field, Mass.): Messrs. Prince and Williams 
have presented a development that is a very 
noteworthy advancement in the art of over- 
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current protection, In comparing this new 
design with existing fuses, too much at- 
tention cannot be given to the principles 
described which produce the necessary con- 
sistent, high degree of current limitation 
below that available in the circuit. Many 
times tests have shown existing types of oil, 
expulsion, and other fuses to have current- 
limiting characteristics. This most gener- 
ally occurs with the lower current ratings 
of fuse links. Fuses may be divided into two 
groupings as regards the consistency and 
degree of this current-limiting ability. 

The first group of fuses comprises the 
more commonly known oil, expulsion; and 
other similar types. These employ the heat 
generated by the arc to aid in the elongation 
of the are path and to provide pressure, 
turbulence, a gaseous medium, or other 
means of rapidly decreasing the conductivity 
between the burned ends of the fuse to pre- 
vent re-establishment of the are after the 
first current zero. While current-limiting 
action occurs occasionally, it is not a con- 
sistent characteristic of this group, and is 
never attained to the degree shown by the 
present design described by the authors. 

The second group of fuses has two basic 
functions, which must be met consistently, 
namely, 


1. Instantaneously at the end of the melting 
period it must in effect introduce a high resistance 
so as to cause an immediate limitation or decrease 
in current, 


2. It must maintain this resistance at a suffi- 
ciently high value to limit the current appreciably 
below that available in the circuit in which the fuse 
is connected, 


Available current-limiting fuses accom- 
plish this by: 
1. Instantaneous physical removal of the fusible 


conductor throughout the full are length required 
for interruption. 


2. Subjecting the are to a high degree of cooling 
by a closely associated filler material which is 
capable of high heat absorption without loss of 
dielectric strength. 


The efficiency of such a fuse in limiting 
current is dependent upon the ability of the 
long fusible section to volatilize instantane- 
ously, thus immediately creating the ulti- 
mate length of are, coupled with the 
characteristics of filler in the absorption of 
heat and the volatilized metal as indicated 
by the authors. Certain materials are ex- 
ceedingly efficient in these respects, espe- 
cially when combined with certain physical 
arrangements. They function instantane- 
ously and reduce are current, to a very low 
value immediately upon the melting of the 
fuse link, see figure 2 of the paper. Thus the 
are energy is minimized to such an extent 
that little or no pressure is developed within 
the fuse unit. With less efficient fillers, the 
current continues to rise, after the fuse link 
melts, figure 1, the extent being dependent 


TRANSACTIONS 15 


AVAILABLE ——> 
CURRENT ! \ 


: \ 
ACTUAL 
h y CURRENT 
\ 


VOLTS ACROSS 
FUSE 


SYSTEM 
VOLTAGE 


Figure 1 


upon the characteristics of the fusible metal, 
the filler, and the physical arrangement. 
Naturally, the arc energy and pressure 
generated within the fuse unit are much 
greater with this increase in are current and 
time. Thus while current-limiting fuses em- 
ploying less efficient fillers are possible, they 
present real design problems in making the 
fuse tube or container of sufficient strength 
to withstand the greater stresses. So far 
this, coupled with economical fuse design, 
has imposed a definite limitation on the 
interrupting rating of such fuses consider- 
ably below that of the type described by the 
authors. Also, there is a tendency for these 
fuses with less efficient fillers to be affected 
gore by circuit conditions and the point of 
the wave at which the fault occurs making 
them somewhat less consistent. This dif- 
ferentiation showing the marked improve- 
ment of the development described by 
Prince and Williams is based on four or five 
years’ designing and testing and three years’ 
actual service experience with current-limit- 
ing fuses of similar physical construction 
employing both the highly efficient and the 
less efficient fuse fillers. 

In testing fuses in group 1, which depend 
upon the forces of the are to help to ex- 
tinguish it, the root-mean-square current 
measured at the instant arcing occurs is in 
general approximately the same as the sym- 
metrical or the asymmetrical current avail- 
able in the test circuit. Thus the root-mean- 
square current, initial in arc which the fuse 
actually interrupts is a true measure of the 
interrupting ability of fuses in group 1. 
This is not true with the fuses of group 2 
which consistently limit the current to 
values appreciably below that available in 
the test circuit. Oscillograph records of the 
currents from tests with current-limiting 
fuses only indicate the maximum current 
the fuses will permit when connected in cir- 
cuits having available power equal to that 
of the test circuit. 

Therefore, in testing the current-limiting 
fuses of group 2, it is necessary to determine 
by oscillograph measurements the sym- 
metrical and asymmetrical currents avail- 
able in the circuit without the fuse as well 
as the instantaneous peak current the fuse 
will permit to flow in that circuit under both 
symmetrical and asymmetrical conditions. 
The interrupting rating should be based on 
the power available in the circuit. The cur- 
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rent-limiting efficiency of the fuse is indi- 
cated by the comparison of the current per- 
mitted by the fuse in circuits of varying 
magnitude and the currents actually avail- 
able in these circuits, see figure 7 of the 
paper. This is of vital importance to anyone 
applying these fuses from the standpoint of 
both economics and safety, as it indicates 
the stress to which connected apparatus will 
be subjected. Thus current-limiting fuses 
should have both an interrupting rating and 
a current-limiting rating. The interrupting 
rating should be based on the power avail- 
able in the circuit of greatest magnitude in 
which the fuse functioned successfully in 
interrupting a dead short circuit. The cur- 
rent-limiting rating should be based on the 
maximum instantaneous peak current the 
fuse will permit during interruption in a 
circuit having available a root-mean-square 
current equal to the interrupting rating. 


E. J. Burnham (General Electric Company, 
Schenectady, N. Y.): For a long time there 
has been a need for a better power fuse that 
could be used either indoor or outdoor and 
on circuits at or close to large stations where 
the available short-circuit current is high. 

The fuse described meets these require- 
ments exceptionally well. 

In central-station work it is often desir- 
able to connect potential transformers or 
control power transformers to a bus or a 
circuit where the available short-circuit cur- 
rent is very high. In the past, fuses have 
not been available to take care of many 
cases with the result that it often became a 
choice as to whether a circuit breaker should 
be used, or whether the transformer should 
be connected directly to the bus or line. 

The first choice would mean an expensive 
device and the second choice would mean an 
interruption in case of transformer failure. 
The fuse described should, therefore, have a 
wide use as a means of fusing potential and 
control power transformers. 

Another application for these fuses where 
an indoor type of fuse is desirable is for 
fusing the high-voltage side of metal-en- 
closed unit-type substations where the high- 
voltage side of the transformers may be 
13,200 volts to 28,000 volts. 


H. L. Rawlins (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors of this paper are to be 
congratulated for successfully working out 
the design of a current-limiting power fuse. 
The writer feels that this would be no easy 
task even with fuses of the same general 
type available from European practice. 

In 1931 current-limiting fuses of the same 
general type as described in this paper were 
imported from Europe, their design studied, 
and exhaustive tests conducted to deter- 
mine the suitability of the fuse for use in this 
country. As a result of this study it was 
decided to proceed with the development of 
the boric-acid fuse for the following reasons. 


1. The maximum current rating and kilovolt- 
ampere carrying capacity of the current-limiting 
fuse is inherently limited. To cover adequately 
the field of fuse applications in this country would 
require two totally dissimilar lines of power fuses. 


2. Where a totally enclosed and quiet operating 
fuse is required, a condenser can easily be attached 
to the boric-acid fuse. 


3. The current-limiting fuse requires a long fusible 
section, This is undesirable from the standpoint 
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of heat generation at currents near the melting 
current of the fuse. Even with inorganic material 
used throughout the fuse, it was feared that exces- 
sive temperature rises would occur on the contacts. 


4. The benefit to the system and to the protected 
apparatus from the current-limiting action of the 
fuse was regarded as more theoretical than prac- 
tical. On heavy fault currents the boric-acid fuse 
gives half-cycle operation. This will result in no 
serious disturbance to the systems and will ade- 
quately protect the lighter duty equipment usually 
employed on the load side of the fuse. 


5. Although the interrupting action of the fuse 
was ideal for potential transformer protection, it 
was realized that the long fine fusible element could 
not provide adequate protection on secondary short 
circuits without causing unnecessary outages on 
magnetizing surges. 


In the study of these fuses it was observed 
that more reliable operation was obtained 
on the lower current ratings where the cur- 
rent-limiting action was more pronounced. 
Although there have been many improve- 
ments in design and materials since that 
time, we are wondering if the maximum 
limit in current rating at a given voltage is 
the current rating at which the current- 
limiting action is not sufficient to insure re- 
liable performance. 

In table I actual recovery rates are listed. 
Are these the actual recovery rates at final 
interruption, or are they the rate of voltage 
rise at the time of peak current as shown in 
the cathode-ray oscillograms? Apparently, 
they are the latter in which case the term 
‘“Tecovery rate’? might be questioned. It 
would seem that the important factors would 
be the available recovery rate and the 
maximum voltage peak occurring during 
interruption. 


D. C. Prince and E. A. Williams, Jr.: The 
authors of ‘The Current-Limiting Power 
Fuse’? are very grateful for the unusually 
constructive discussions of their paper. 
They feel that the replies to the many ques- 
tions raised will help the ultimate users of 
this new device to take advantage of several 
operating characteristics which otherwise 
might not have been appreciated. 

Mr. LeClair draws an interesting compari- 
son between the new fuse and high speed d-c 
circuit breakers. The two devices are some- 
what comparable in speed and both of them 
reduce the destructive effect of high cur- 
rents, but the fuse is relatively more ef- 
fective due to the fact that in the fuse the 
arc is initiated at its maximum length 
whereas in the breaker the are must be 
drawn out to its maximum length. Since 
both the are and the moving parts of the 
breaker have mechanical inertia, the draw 
ing out necessarily requires a certain amount 
of time during which the current continues 
to increase. The current through the fuse 
does not increase after arcing begins. 

The only inherent limitation upon the 
interrupting ability of the fuse appears to be 
the ability of the interrupting medium to 
absorb the power loss in the arc. This 
means that, at least theoretically, a device 
of this type may be designed with prac- 
tically unlimited interrupting capacity by 
subdividing the are into many parallel 
paths so that each path may take only that 
amount of arc energy which it is capable of 
absorbing. However, the number of sub- 
divisions which can be made are limited by 
economics and practical manufacturing 
considerations. The parallel arc paths must 
be kept sufficiently far apart to prevent any 
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material effect upon each other and, there- 
fore, the size and cost of the device increases 


directly with the number of conductors used 
for any given continuous current rating. It 
obviously follows that the interrupting rat- 
ing of the fuse can only be increased to the 
point at which the annual renewal cost of 
the fuse approaches the annual cost of 
operating a circuit breaker, 

: The interrupting capacity of any a-c 
interrupting device, having sufficient speed 
to operate within the first few cycles of 
short-circuit current, is more or less af- 
fected by the d-c component of the current. 
It is rather generally agreed that the intro- 
duction of the d-c component of current 
increases the interrupting duty imposed 
upon the conventional fuse or circuit breaker 
as the arc energy is a function of the total 
arc current. In contrast, the d-c component 
of currents near the interrupting capacity of 
the current-limiting fuse definitely decreases 
the interrupting duty by decreasing the 
initial rate of rise of the current. With the 
lower rate of current rise, the fuse melts at 
a lower instantaneous current, as illustrated 
in figure 2 of this discussion, and somewhat 
less arc energy must be absorbed by the 
interrupting medium. Specifically, the 
interrupting capacity of the fuse depends 
upon the point on the voltage wave at which 
the short circuit occurs and the fuse will 
interrupt considerably more current with a 
completely offset current wave than with a 
symmetrical wave. 

If the current-limiting fuse described in 
the paper is subjected to a current or a volt- 
age above that at which it is designed to 
operate, the arc energy becomes sufficient 
to increase the temperature of the inter- 
rupting medium (quartz granules) to a point 
at which it loses its dielectric strength and 
becomes a conductor. The short-circuit 
current continues until it is interrupted 
by a protective device at some other loca- 
tion in the circuit. The damage to the 
fuse depends entirely upon the duration of 
the short-circuit current. During failure 
there is practically no pressure generated 
and no explosive action. The disturbance 
is in no way comparable to that encount- 
ered under similar conditions with the con- 
ventional fuse or circuit breaker in which 
pressure is generated. 

The general conception of the terms “‘arc 
voltage’”’ and “‘rate of rise of recovery volt- 
age,’’ as applied to conventional interrupt- 
ing devices, must be somewhat modified 
when applied to the current-limiting fuse. 
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‘Are voltage is defined as the voltage across 


the terminals of an interrupting device dur- 
ing the arcing period. The arc voltage of 
a conventional interrupting device is very 
low, relative to the open-circuit voltage, 
and is usually almost 90 degrees out of 
phase with a symimetrical short-circuit cur- 
rent. Just previous to are interruption the 
voltage tends to be at its peak and just 
after interruption it rapidly “recovers” to 
a magnitude approaching twice its normal 
peak. The arc voltage of a current-limiting 
fuse, due to the high arc resistance, is 
practically equal to the open-circuit voltage 
except for an initial voltage surge as shown 
in figure 6 of the paper, and is almost in 
phase with the current, Are interruption 
tends to occur at the zero of both voltage 
and current so that just after interruption 
the voltage does not suddenly increase but 
builds up along a normal-frequency wave. 
The voltage across the fuse “recovers” at 
the inception of the arc whereas the voltage 
across the conventional interrupting de- 
vice ‘‘recovers” after the extinction of the 
are, In either case, the rate of rise of re- 
covery voltage is a function of both the de- 
vice and the circuit characteristics. With 
the conventional device, the circuit char- 
acteristics predominate while with the cur- 
rent-limiting fuse the device characteristics 
predominate in determining the rate of rise 
and the magnitude of recovery voltage. 

In direct reply to Mr. LeClair’s question 
concerning the effect upon the rate of rise 
of recovery voltage of operating the fuse in 
parallel with a reactor, it may be concluded 
from the above discussion that the effect 
will be negligible. 

A typical melting time-current curve for 
the current-limiting fuse is compared in 
figure 3 of this discussion with similar curves 
for conventional high-voltage power fuses. 
The curves are plotted in per cent of mini- 
mum melting current to eliminate differences 
due to methods of rating and thereby provide 
a common basis of comparison which is in- 
dependent of rating standards. A certain 
amount of error is introduced by plotting the 
curves on a per cent of rating basis and 
many of the individual fuses will not exactly 
meet the curves. In general, the fuses of 
low continuous-current ratings will be some- 
what faster and the fuses of high continuous- 
current ratings will be somewhat slower 
than shown by the curves. It will be noted 
that the melting time of the current-limiting 
fuse at the currents shown is not essentially 
different from that of existing conventional 


A—Available symmetrical wave 
A'—Available asymmetrical wave 
B—Actual peak current, symmetrical 
B’—Actual peak current, asymmetrical 
C—Maelting time, symmetrical 


\ C’—Melting time, asymmetrical 
\ D—Arrcing time, symmetrical 
‘ D’—Arcing time, asymmetrical 
\ 
\ 
\ 


Figure 2. Comparison of fuse operation on 


symmetrical and asymmetrical currents 
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A—Current-limiting fuse 
B-1—Manufacturer B, fast-operating fuse 
B-2—Manufacturer B, standard fuse 
C-1—Manufacturer C, standard fuse 
C-9—Manufacturer C, time-lag fuse 
D-1—Manufacturer D, standard fuse 
E-1—Manufacturer E, standard fuse 


Figure 3. Comparison of time-current curves 


fuses and that the fuse may be co-ordinated 
with relays and other fuses. Since the 
melting time is inversely proportional to the 
square of the current, the speed of operation 
increases very rapidly as the current in- 
creases and the reputed extreme speed of 
the current-limiting fuse, relative to other 
fuses, exists principally because of its 
ability successfully to interrupt higher cur- 
rents. 

The melting time-current curves of all 
types of fuses, utilizing a pure fusible metal, 
have the same fundamental shape as they 
are hyperbolic in form and may be approxi- 
mately determined by the general equation: 


Ins 
Pie 


in 


where 


t = time to melt at any current 7 
= minimum melting current as ¢ ap- 
proaches infinity 
K = the square of current required to melt 
the fuse in one second when all gen- 
erated heat is retained in the fusible 
conductor 


Since the current J is arbitrarily fixed by 
the continuous current rating of the fuse, a 
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variation in K offers the only method of 
changing the relation between current, 7, 
and time ¢. The magnitude of K is entirely 
a function of the physical constants of the 
material used in the fusible conductors. 
Considering the specific case of a current- 
limiting fuse built into a given tube, the 
total cross section of the fusible conductors 
is determined by the current rating, the 
length of the conductors is determined by 
the voltage rating, and the number and di- 
ameter of the conductors is determined by 
the interrupting rating. It is, therefore, 
practically impossible to control the shape 
of the time-current curve by varying the 
number and size of the fusible conductors. 
Some measure of control may be obtained 
by varying the number and size of the ther- 
mal chambers shown in figure 1 of the paper. 

The suggestion is made by Messrs. Lincks 
and Smith that the fuse be given a current- 
limiting rating which they define as “.. . the 
maximum instantaneous peak current the 
fuse will permit during interruption in a 
circuit having available a root-mean-square 
current equal to the interrupting rating.” 
It is the opinion of the authors that a series 
of current-limiting curves, similar to figure 
7 of the paper, showing the action of the 
fuses at all currents below the interrupting 
ratings will be of more value to the ultimate 
user. The proposed current-limiting rat- 
ings will then be a point on the curve rather 
than a separate and distinct rating. 

The discussion presented by Mr. Rawlins 
brings out many of the reasons why three 
years of research, development, and testing 
were required to produce a new current- 
limiting fuse even when detail drawings, 
test data, and samples of certain European 
designs were at the disposal of the authors. 

The new fuse is so designed that the tem- 
perature rise is within the limits specified 
by AIEE standards. The potential-trans- 
former fuse unit is mechanically strong, it 
will function during secondary short circuits, 
and it has sufficient thermal capacity easily 
to withstand magnetizing surges. The 
reliability of the higher current ratings 
equals the reliability of the lower current 
ratings as each individual conductor is de- 
signed to interrupt approximately the same 
current regardless of the number of con- 
ductors, the voltage rating, or the continu- 
ous-current rating of the fuse. The current- 
limiting fuse requires no muffler and there- 
fore it is unnecessary to reduce the interrupt- 
ing rating for indoor application. 

Mr. Rawlins has suggested that the 
maximum continuous-current and voltage 
ratings of the current-limiting fuse may be 
inherently limited. No such limitation is 
recognized except that imposed by the 
physical size of the unit which may be con- 
veniently handled and economically oper- 
ated. 

Short-time current tests made on discon- 
necting switches, contactors, and current 
transformers have shown that these devices 
may be destroyed during the first half cycle 
of short-circuit current. The results of 
these practical tests merely serve to check 
a well-established theory and to indicate 
the value of a new protective instrument 
which limits the current in the first half 
cycle to a Jow value thereby protecting 
utilization equipment, of low short-time 
current rating, and insuring the supply 
system against even momentary currents 
of high magnitude. 
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Traveling Waves Initiated by Switching 


By L. V. BEWLEY 


t MEMBER AIEE 


HE dominating position of the 

lightning surge as the principal 
scourge of transmission lines has occupied 
so much attention in the technical litera- 
ture that traveling waves developed from 
other causes have been relegated to a 
zone of comparative unimportance. But 
lately, a growing interest and curiosity 
concerning switching surges makes it 
imperative to investigate, theoretically, 
the possibility of initiating traveling 
waves from the steady state; for both 
the “energizing” and ‘de-energizing”’ 
transients associated with switching op- 
erations are calculable as traveling waves 
and their successive reflections. The 
object of this paper, therefore, is to lay 
the groundwork for a systematic treat- 
ment of switching surges by considering 
the general subject of the initiation of 
traveling waves from steady-state condi- 
tions. In general, such waves are started 
either by closing or opening a switch; 
and the corresponding transients may 
be called closing transients and opening 
transients, respectively. If a “dead” 
line is connected to a generator, the 
ensuing transient is called an energizing 
surge, while if a “‘live’’ line is disconnected 
from a generator the transient is called 
a de-energizing surge. 

There are at least three methods by 
means of which a switching transient may 
be calculated, and these, in the order of 
their importance, as well as simplicity, 
will be called: (1) cancellation waves, 
(2) initiated waves, and (3) steady-state 
waves. As a matter of fact, the desig- 
nation is rather loose; for all three are 
mutually convertible; and the line of 
demarcation between them is sometimes 
vague. Also, both “cancellation waves’ 
and ‘‘steady-state waves” may be derived 
from the general equation for “initiated 
waves.” It is rarely indeed that steady- 
state waves show a practical advantage 
over the other two, but their physical 
significance is intriguing, and they do 
provide variety in the treatment of 
switching problems. Very briefly: 


1. Cancellation waves are waves of voltage 
(or current) impressed on the switch termi- 
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nals to cancel the steady-state voltage (or 
current) of the switch, and thereby simulate 


its closing (or opening). 

2. Initiated waves are waves computed di- 
rectly from the general equations for an 
interruption of circuit. 


3. Steady-state waves are pairs of fictitious 
waves which completely duplicate the actual 
steady-state distributions of voltage and 
current on the line and at its terminals; so 
that a change of circuit conditions, as by 
switching, may be negotiated by com- 
puting the subsequent reflections of these 
waves. 


These three methods will now be con- 
sidered in detail and illustrated by a few 
simple examples—often the same for each 
method, so as to allow a direct comparison 
of their relative merits. 


Cancellation Waves 


An old artifice for determining the 
effect of “opening” a switch (probably 
introduced by Heaviside) is to cancel the 
current in the switch by impressing an 
equal and opposite current so that the 
resultant current is zero and the switch 
is essentially open. Of course this im- 
pressed current, suddenly applied, must 
flow into the connected network, and will 
cause some sort of a transient therein. 
The resultant distribution of voltage or 
current in the network is the sum of that 
due to the steady state and the transient; 
that is 


Steady-state 
distribution if 
switch is not 
operated 


(eee 


aan) ah 


Gems due to 1) 
switch cancellation (1) 


This device was used by Park and Skeats! 
in their study of circuit-breaker recovery 
voltages. Assuming the circuit breaker 
to effect interruption of the circuit at a 
normal 60-cycle current zero, they im- 
pressed through the switch a current 
equal and opposite to the 60-cycle short- 
circuit current and calculated the tran- 
sient due to it. 

Likewise, of course, a switch may be 
“closed” by impressing an equal and 
opposite voltage to cancel the steady- 
state voltage across it. The transient 
due to this cancellation is easily calcu- 
lated, and the resultant distribution is 
again given by (1). 


1. For numbered references, see list at end of paper. 
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- Referring to ae. 1 there is shown a 
bus on which 7 lines of surge impedances 
DG, % . . +, 2) and series impedances 
W.(p) (for example, current limiting 
reactors or transformers) terminate. 
There are also m generators or motors 
with series impedances. By putting the 
voltage of a generator equal to zero a 
fixed impedance load is specified. By 
convention, currents (except through the 
switch) flowing to the bus are regarded 
as positive, and therefore waves on the 
line are forward waves if approaching the 
bus, or backward waves if receding away 
from the bus. A generalized impedance 
Z(p),which may or may not include energy 
sources such as generators, charged ca- 
pacitances or current-carrying induc- 
tances, is to be switched on to or off the 
bus. The steady-state voltages of the 
lines and generators are (Ai, Ey, . .»), 
while the steady-state currents are 
(h, Jz, ...). The total impedance on the 
bus, excepting Z(p), is 


ZAP) ag 


nt+m 
1 


rat Wild) <i Wild) 


The total current flowing through the 
switch away from the bus is 


n+m 


Mi = Di 
1 


(3) 


and the steady state voltage on the bus is 
Ey = Ex — Wi(’)-Tk (4) 
OPENING THE SWITCH 


The opening of the switch is simulated 
by applying the current Jo1 through it, 
and this current will cause a bus voltage 
of 


€o = Zo(P)-Lo 


The backward voltage wave appearing on 
the &th line then is 


(5) 


Zk 


— (6) 
Wilb) + Zn 


Cs ZAP) Lo 
and the transient current from the kth 
generator becomes 

Z -I 
——— AP) «Lo (7) 

Wi(P) 

These transient terms superimpose on the 
steady-state values. For example, the 
total voltage on the Ath line is (@’ + 
E,), or the total current in the kth gen- 
erator is (4 + J;), ete. 


CLOSING THE SWITCH 


The closing of the switch is simulated 
by impressing across its terminals a volt- 
age —E,1. This voltage is in series with 
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Zo(p) and Z(p) and will, therefore, circu- 
late a current 


i eum 
Cent 
Zab) + 2b) _ 
and the transient bus voltage will be 
Zo 
0 p) Eo (9) 


~ Zp) + Z(p) 


The voltage wave appearing on the kth 
line then is 


a Bk __ 2p) 
Wild) + sx Zo(p) + 2Z(p) 
(10) 
and the transient current from the kth 
generator becomes 


ee ep) 
Wilh) Zod) + 2(p) 


th = Eo (11) 
These transient terms superimpose on the 
steady-state terms according to (1). 

In addition, if Z(p) includes energy 
sources, such as generators, charged 
capacitances, or current-carrying in- 
ductances; transient terms caused by the 
discharge of these energy sources must 
be calculated either from the differential 
equations of the circuit, taking cognizance 
of the initial conditions of Z(p), or else 
by substituting (2 — Eo) for Ey where 
E is the voltage of Z(p) at the instant of 
switching. It is easier to illustrate the 
procedure in particular examples, rather 


Figure 1. Switching a generalized impedance 
on a bus with any number of feeders and 
generators 


than attempt a generalized formulation. 
When the cancellation waves reach the 
other ends of the lines, they reflect like any 
other traveling wave, so that the resultant 
distribution on the system is: 


Resultant ) a Bora a) 
distribution/ _ \distribution 
Waves of Eee) 
: 12 
Cee) + Gey 2) 


A few examples will clarify the procedure. 
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SUDDEN GROUNDING OF A CHARGED LINE 


Figure 2 shows a line, charged to 
a voltage EH, suddenly grounded at 
one end. The cancellation wave is 
obviously e’ = — E1, which also follows 
from (10) upon putting W(p) = 0, 
Z(p) = 0, and Z(p) = 2. This wave, 
starting at the switch at the instant when 


Figure 2. Short-circuiting a charged line 


it is closed, cancels the steady-state volt- 
age E at the switch thereafter. The 
subsequent stccessive reflections are 
given by the lattice, and the resultant 
voltage at the free end of the line, com- 
pounded of EZ, — E1, and the successive 
reflections, is plotted on the left of the 
lattice to the same time scale. 


CLEARING A D-C LIne SHORT-CIRCUIT 


In figure 3 is indicated the removal of a 
line-to-ground short-circuit of a d-c line. 
The steady-state current through the 
switch is J) = H/R, and therefore the 
cancellation wave is e’ = zJ, where zis 
the surge impedance of the line. This 
also follows from (6) upon putting 
W(p) = 0 and Z(p) = 2. When this 
wave reaches the generator end it reflects 
from the series resistor R as 


(Res), fea 2 
(Rope) 9 (Rez) R 
Dol etal) 52 
~ (1 +2/R) R 


The resultant voltage at the two ends of 
the line has been plotted for a value of 
z/R = 4. Of interest is the oscillation 
about normal voltage to four times nor- 
mal at the opened end. This corre- 
sponds to the “inductive kick” of lumped 
circuits. 


TRANSACTIONS 19 


a 


ENERGIZING A LINE 


Figure 4 shows a generator of voltage 
E cos wt and series inductance L (the 
inductance of subtransient reactance plus 
the leakage inductance of any transformer, 
both referred to the line side) switched 
onto an uncharged line. If the switch is 
closed at the crest of normal frequency 
voltage, the voltage across the switch is 
— FE, so that the cancellation wave across 
the switch is + #. Putting Z,(p) = 
z and Z(p) = pL and W(p) = 0 in (10) 
there is (writing a = z/L): 


Z 


2+ pL 


The reflection factor at the generator 
end is (pL — 2z)/(pL + 2), and the 
(n+1)th reflection at the open end gives: 


asin a Dae, pert yi 
7 ore nthe 
28 f(a — en fe 5 


\n 
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E = E(1 — e-*) 


( = at)rk 
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0 
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( 22{1 — et} 
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fom 7a 
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1 — e[1 + 2at)?]} for n 
—1 + €[1 + 2at — 2(at)? + 


= (at) 


3 


for n 


These first four reflections are plotted on 
figure 4 for aT = 0.4. The voltage at 
the open end builds up, in this case, to 
slightly more than double voltage. For 
larger values of a the voltage may 
reach approximately, 2.5E (neglecting 
attenuation). The energizing transient 
is not, therefore, severe. 
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Figure 3. Removal 
of a short circuit 
from a d-c line with 

series resistance 


SYNCHRONIZING OUT OF PHASE 


Suppose that a line of voltage ) is 
switched onto a bus of voltage HE, The 
bus may be regarded as a small capaci- 
tance C, fed by a generator of series induc- 
tance L, as shown in figure 5. The 
current in the inductance prior to switch- 
ing may be neglected. The voltage 
across the switch is (£, — E») and, there- 
fore, the cancellation voltage is —Ko1 = 
(EZ, — E,)1. In this case Zo(p) = 2 and 
Z(p) = pL / ( + CLp*). The can- 
cellation wave on the line is given by 
(10) as 

Raph paleo ln re = 
Ge iro auc ay sae 

_ a1 + CL?) 
 3CLp? + Lp +2 


1 (? + m°LC mg 
mLC 


(E: — £1) 


of (sCLp? + Lb +2 = 0). This same 
result can be obtained by superposition, 
first applying (—E,1) across the switch, 
and to this result adding the discharge 
of the generator into the line with C 
initially charged to voltage A, For a 
typical case of L = 0.10, C = 0.01 micro- 
farad, and z = 500 ohms there is m = 
0.20 and m = 0.005; and the initial wave 


1S 


e! = (Ey — Ey)[1 + 1.025 e** — 
1.025 ex aires 


This has been plotted in figure 5 for the 
worst possible case of EF, = —E;. The 
dip in the wave is due to the bus capaci- 
tance. Due to reflections, synchronizing 
180 degrees out of phase may result in 
voltages of three to four times normal. 


Initiated Waves 


In appendix I the appropriate set of 
simultaneous equations are derived for 
calculating directly the waves and tran- 
sient terms initiated by switching, and it 
is shown that these are identical with the 
cancellation waves given by the previous 
equations (5), (6), and (7) (for opening a 
switch), and (8), (9), and (10) (for 
closing a switch). There is, then, no 
distinction between ‘initiated waves’ 
and ‘‘cancellation waves’’—merely a 
difference in the point of view from which 
they are derived—and, therefore, the pre- 
vious examples may be considered to il- 
lustrate either method. 


Steady-State Waves 


Steady-state waves are a generalization 
of the well-known fact that the ordinary 
a-c equations of a transmission line op- 
erating in the steady state may be ex- 
pressed as a pair of waves traveling in 
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Figure 4. Energiz- 
ing a line 
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- appendix II that these waves are (see 


A 


oe dee 


; 
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opposite directions. It is shown in 


figure 6): 


backward 


in wh'ch E(#) and I(t) are the steady- 
state voltage and current, respectively, 
at point x = x on the line. It is also 
shown in appendix I that the ‘“‘steady- 
state” waves not only satisfy the voltage 
and current distribution along the line, 
but also duplicate its terminal perform- 


ian ~ ~~ NE, = STEADY STATE gal 2 
co a 


41 E)=l.0 =STEADY STATE BEFORE SWITCHING 


RESULTANT 


INITIAL WAVE 


Synchronizing 180 degrees out of 
phase 


Figure 5. 


ance, if e,’ be regarded as the ‘“‘Te- 
flection’? at one end and ¢, the “‘reflec- 
tion’ at the other. The associated cur- 
rent waves are 


: es af es" 
ta andt. == = = 
Zz Zz 
If, now, at any point on the line the 
circuit is changed by a switching opera- 
tion, the “steady-state” wave receding 
from that point moves away without 
consequence, but the “steady-state”’ 


wave approaching that point impinges 


Figure 6. Steady-state waves 
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_ wave theory. 


on the new impedance introduced by the 
switching and gives rise to a reflection in 
accordance with conventional traveling- 
If Z(p) is the new terminal 
impedance, following switching, which 
may in general contain energy sources 
such as generators, charged capacitances, 
etc., then the reflected wave is 


Z(p) — s 
(hye gh Micah 5° Sa a 
; Ga)*> 
Discharge of the en- 
ergy sources of Z(p) 


A few simple examples will clarify the 
conception. Except in very simple cases 
it is too complicated as compared with 
“cancellation waves’ or with “initiated 
waves;”’ because there are two ‘‘steady- 
state’ waves of finite length (the length 
of the line) instead of a single infinite 
wave to deal with. This not only ne- 
cessitates a double reflection lattice, but 
discontinuities at both head and tail of 
the waves. Generally, then, if successive 
reflections are to be taken into account, 
there is four times the work with “‘steady- 
state’? waves as with either of the other 
two methods. It is shown in appendix 
II, however, that ‘‘steady-state’’ waves 
always combine in such a way as to 
yield an equivalent single infinite wave. 


SupDDEN GROUNDING OF A CHARGED LINE 


Figure 7 shows an open transmission 
line charged to a uniform voltage E, 
suddenly shorted to ground at one end. 
In this case there is no steady-state cur- 
rent, and the voltage is constant; hence 
E(t) = Eand I(t) = 0 so that 


E 


a 
2 


ll 
\ 
\ 


ts ae Bar 


It is seen that e, and e,’ are the reflec- 
tions of each other at the two ends of the 
open line. As soon as the switch is 
closed e, impinges on a grounded end, 
Z(p) = 0, causing a reflection —E/2, 
while the wave e,’ moving to the left re- 
flects therefrom as a finite rectangular 
wave +E/2. The successive reflections 
from the two ends shuttle back and forth, 
as given by the lattice, and the resultant 
voltage is found in the usual way by com- 
bining the successive reflections at proper 
time intervals, giving the oscillation 
shown in figure 7. 


CLEARING A LINE SHORT CIRCUIT 


Figure 8 shows a d-c generator and series 
resistance R supplying a line short-cir- 
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cuited at its far end. The short-circuit 
current is I(t) = E/R and the line volt- 
age is E(t) = 0, since line resistance is 
neglected. Therefore, the ‘‘steady-state”’ 
waves are 

2 E 


2 
i" 55 Oe eS 


wile 


At the shorted right-hand junction e,' 
is obviously the reflection of e, At the 


Figure 7. Short-circuiting a charged line 


left-hand junction there is by (13), ap- 
pendix II, 


ee Zz E+ R-—-s ; 
ore oie Roa 


= bE + ae,’ 


in which the first term on the right is the 
discharge of the energy source (the gen- 
erator), and the second term the re- 
flection of e,’. 

7 sae 
ep tla ally 
thus correctly satisfying the line and 
terminal conditions. 

Now clear the short circuit, so that 
e, thereafter meets an open-ended line, 
and reflects completely. The subse- 
quent reflections are given on the lattice 
of figure 8 for z/R = 4, in which the re- 
flection is e’ = e from the right and 


e’ = bE + ae = 0.8E — 0.664 


from the left. The voltage at both ends 
of the line oscillates about normal gen- 
erated voltage, but reaches four times 
normal at the far end. 
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SUDDENLY GROUNDING AND 
CLEARING THE MIDPOINT OF A LINE 


In figure 9 a d-c line is shown with a 
R = 100 ohm load at the far end, and a 
resistor 7 = 100 ohms ready to be closed 
in at the midpoint. The line surge im- 
pedance is g = 400 ohms. There are 
now two pairs of steady-state waves; 
one pair on either side of the transition 
point They are: 


When the switch is closed, the reflection 
coefficients become: 


2 —400 
2R+2 200 + 400 
= —0.67 at the midpoint 
Ro s¢ 100 — 400 
R+2z2 100+ 400 


= —0.60 at the load 
—1.00 at the generator 


The lattice of figure 9 gives the reflec- 
tion history of the four steady-state 
waves once the switch is closed, and the 
resultant voltage at the switch is shown. 
The voltage suddenly drops to a third of 
normal, and then builds up to generator 
voltage in a series of steps at intervals of 
2T, the time of transit of the line. 

Suppose, now, after new steady-state 
conditions have been obtained, that the 


=i) -0.67 —0.67 -0.6 
0.33 0.33 


Figure 9. Sudden grounding of the midpoint 
of a line through a resistor 
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Figure 8. Removal 
of a short circuit 
from a d-c line with 
series resistance 


switch is opened, figure 10. For exam- 
ple, a line-to-ground fault clearing itself. 
In this case, just prior to the opening of 
the switch, a current E/R is flowing in 
the right-hand section of the line, and a 
current E(1/R + 1/r) in the left-hand 
section. The steady-state waves are 


1 E zg 
ey = tay =F (145) 


E 400 
= z (i toa) = 12.5 
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’ 28 T;) fons 
é oe ers NGS: = — = = 
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Z( 400 
ce fee) ee a 
2 100 
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wl wie 


After the switch is closed the reflec- 
tion coefficients become: 


—1.0 at the generator 
0.0 at the midpoint (merely a point of 
passage) 
—0.6 at the load 


The lattice of figure 10 gives the his- 
tory of the reflections and the resultant 
voltage at midpoint. The voltage sud- 
denly leaps to three times normal, and 
then oscillates about normal voltage with 
decreasing amplitude. 

This example is somewhat similar to 
the operating cycle of an expulsion gap 
when tower footing resistance is involved. 


EQUIVALENCE OF “STEADY-STATE” 
WAVES TO A SINGLE INFINITE WAVE 


That the pair of ‘‘steady-state’’ waves 
is always reducible, in effect, to a single 
infinite wave plus the steady-state dis- 
tribution, is proved in general in appen- 
dix II. But it is of interest to perform 
the reduction in detail for a special case. 
The d-c line of figure 11 is carrying a 
direct current J = E/R, and the line 
voltage in the steady state is zero. There- 
fore, the steady-state waves are 


e—— 


1 
zI(1 —1,7) and e,’ = 521 r) 


Nle 
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in which 1 is the unit function effective 
at? = 0 and 1, the unit function effective 
att = T. Following the opening of the 
switch, causing an open circuit at the 
near end, the wave e,’ reflects com- 
pletely, while at the inductance the reflec- 
tion factor is 


_bPlo-#% _p—32/Iln_ b-a 
Plotz pt+2/lh prea 


a 


The double lattice gives the history of 
the successive reflections of e, and e,’. 
But in accordance with (13) appendix 
II, the reflection of e, at the inductance is 


eI 
a = (1 — 17) — 2le—% 


in which the second term represents the 
discharge of the inductance, which ini- 
tially (at instant switch is opened) is 
carrying a current J, the negative sign 
being occasioned by the fact that the 
wave corresponding to this discharge is 
leaving the terminal (a backward wave) 
and must, therefore, be of negative po- 
larity to carry with it a positive current. 
But 


al a, a Dies oe ea at Iz 
(0% — sre )-(2 rs Qe 2 


so that the reflection of e, is 
al 
cas (1 + a17) 
and the first term, being of the same 
magnitude and polarity as e,’, but in- 


finitely long, simply follows directly be- 
hind e,’ and thus prolongs it to infinity. 
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06-4 REFLECTION 
FACTORS 


VOLTAGE AT SWITCH 


E SE 


2T 


4T 


Figure 10. Removing a ground at the mid- 


point of a line 


Consequently the reflection of e, con- 
: ae 
sists of a term (-0% 1 r) plus the con- 


version of e,’ into an infinite wave 


CA) 


aL ; 
But (- = 1 ") which arrives at the in- 


a 


ductance at time 7, leaves the open end 


Figure 11. Reduction of ‘steady-state’ 
block waves to one infinite wave and the 
equivalence of double and single lattices 
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at the same time ¢ = 0 with the reflec- 
; al 
tion of Gaz ), so that the combination 


is a single wave (—2/1) leaving the open 
endat¢= 0. The single lattice of figure 
Il gives its history. Of course, the 
wave —z/1 could have been inferred at 
once as the cancellation wave, for a cur- 
rent (—J1) suddenly impressed through 
the switch cancels thereafter the steady- 
state current J flowing in the switch, so 
that the switch is opened; and this im- 
pressed current through the surge im- 
pedance of the line carries a potential 
wave (—2/1) with it. 

The wave (—2/1) arriving at the in- 
ductance at time T causes a train of re- 
flections, and according to the single 
lattice of figure 11 the resultant voltage 
at the inductance is 


e= —(1 + )[1(7) + ater) + 
@tisr) +...., Jal 
The (m + 1)th reflection yields 


2p (2== oe 
pralpta} ” 
Wn 


n 
ah |n 
= —2z[e~ * Lin at a x 


—(1 + a) aI = 


\k —Fr |n —f?r 
—2QzTe~ % forn =0 
—2zTe~ “(1 — at] Wor go == Il 


Tere e 1 Jak oat lor ee 
=O2Te- 21 = Cota Gath = 


= ats] forn = 8 
These first few reflections and their 
resultant have been plotted on figure 11. 
It is clear that the shorter the line the 


Ik 
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closer together will the reflections be, 
and, therefore, the higher the resultant 
voltage. 

It is of interest to obtain an approxi- 
mate solution, regarding the line as a 
concentrated capacitance Co. Since the 
surge impedance of the line is 3 = VAG 
and the velocity of propagation is 
y=1/ ~/LC it follows that the total 
capacitance (line of length /) is 


1 
G=IC =-—= 


The equation for the discharge of 
Lo with initial current J into capacitance 
Co gives a voltage 


it 
e= ——sin { = —= sin —= 
wo . / Val 


in which 


VAL at 
aT 


1 1 a 
LoCo ND 
This approximate value of the reactor 
voltage has been plotted in figure 11 as a 
dotted curve, and is seen to be the final 
axis of the serrations caused by the ac- 


tual reflections. For this particular ex- 
ample the constants were: 


3 S BO) Gains 

= surge impedance of a cable 
y = 500 feet/microsecond 

= velocity of propagation 
Ui —eelopiiiles 


| 
ll 


l 
5,280 — = 168 microseconds 


ip — a OsLoss Henty; 


Cy = T/z = 3.86 microfarads 
a = z/Lo => 300 
I = 200 amperes 


The axis about which the reflections 
occur has a maximum of 


ZL gy _ ise 
Vat al ~/ miles 


therefore, the maximum voltage is ap- 
proximately: 


Miles of 
cable 5 10 20 40 100 
Maximum 


voltage 8(z21) 6(2I) 4(2I) 3(2l) 1.8(2l) 


or higher the shorter the cable. This 
calculation happens to have a practical 
significance in connection with d-c trans- 
mnissionfrom mercury-arc-rectifier stations. 


Appendix | 


Initiated Waves 


Whenever the circuit conditions are 
changed, traveling waves are initiated at 
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the transition point. These waves are 
called initiated waves to distinguish them 
from the steady-state waves of appendix II. 
The magnitude and shape of the initiated 
waves depend upon the impedances at the 
transition point, the voltages and currents 
of all lines terminating there, and any new 
energy sources (charged capacitances, induct- 
ances with initial currents, and generators). 
A situation sufficiently general for most 
practical cases is given in figure 1, which 
shows n lines of surge impedances (21, 22,..--, 
zn) which, just prior to the switching are 
carrying voltages (A, Ey,...., En) and cur- 
rents (I, Is, ...-, Jn), these being specified 
as functions of time at the transition point. 
Each line has a series impedance W,(p) 
connecting it toa common bus. There are 
also connected to this bus, through series 
impedances W,(p), a number of generators 
of voltages (En + 1, En + 2 «+++» En t+ =) 
and delivering currents (In + 1, In +2, +++») 
In + m). The impedance Z(p) is suddenly 
switched onto the bus, so that (backward) 
traveling waves (¢;', 2’, ...-, &n’) with as- 
sociated currents (4;’, 42’, ...., tn’) are initi- 
ated on the several transmission lines, while 
additional currents (t, + 1 tn + % +++ 
in + m) flow from the generators. 

If Z(p) contains any energy sources 
(generators, charged capacitors, or current- 
carrying inductances), then the total tran- 
sient voltages and currents may be regarded 
as the superposition: 


Total Transient terms calcu- 
transient }={ lated with zero energy }+ 


terms sources in Z(p) 


Transient terms calculated as 
(«re discharge of the cnet) (13) 
sources in Z(p) 

The second term on the right is easily 
calculated for any specific case by setting 
up the differential equations of the circuit, 
and solving for the discharge of the energy 
sources of Z(p). The procedure is illus- 
trated by the examples in the text. 

The terms due to switching in a ‘“‘quies- 
cent” Z(p), that is with zero energy sources, 
are calculated from a set of simultaneous 
equations as follows. The total voltage on 
any line k is the sum of the transient and 
steady-state term, 


ex’ + Ey = Z(p): 
n n+m 
1 ntl 
Wile): + t%’) (14) 
(Riese Lee te crear ,n) 


while for any of the generators connected to 
the bus 


Ey = Z(p)- 
n ntm 
pax +.47') +). Ur + in| + 
1 n+1 
Wilh) + te) (15) 
CF SSE Nooo non ar 1) 


But for backward traveling waves 
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(16) 


Substituting (16) in (14) and (15) and re- 
arranging 


E + ey’ + Zp) X 
k 


z 


n e,! n+m : 
Wilpyizr + Z(2) be a | 
or n+1 
= Z(p)-Io + Wild) Le — Ex 
(R=nt+1,.....»+m) (18) 
where 


n+m 


Ih = ies 
1 


Equations 17 and 18 supply (m + m) 
simultaneous equations for the determina- 
tion of the (n + m) unknowns (é&’, ...., 
Wt i) 


(19) 


Ca) tn & Is om 
Opening a Switch 


If the switch opens or disconnects a part 


of the circuit, then Z(p) = ~. Equations 

17 and 18 then give 

n e,’ nt+m 

SS ia (20) 
Zr 


nt+1 


which by itself is insufficient for the deter- 
mination of the unknowns. But 


Gi = Wl p)-tx! = er’ — W(p)-t, 


= —W,(p), (21) 
Hence by (16) 
, e+ Wild) 2, 
as Br Wp) 2k - a 
: zr + Wilp) 1 
i, = ———— — &’ 23 
‘ W,(P) 2k se ( ) 
Substituting (22) and (23) in (20) 
Ze + Web), 
go ee lie 
2k 
Soap th aloe 
1 Sr ae W,(2) n+1 W,(2) a 
hence 
F Z,Lo0 
Dy 2S 
Ze + Wy(p) 
1 
n 1 ntm 1 
et Wi) + 4 We) 
Peek ee ZA p)-I 
PRET APS oe 
and 
A=, ZA P)Lo oy 
= WC) vo) 
in which 
Z ~ il 
Ap) = ae a oe (27) 
os, EWA bye ae 


ELECTRICAL ENGINEERING 


re 


is recognized as the total impedance as 


viewed from the open switch, Therefore, 


Z(p)-In is the voltage on the bus due to a 
sudden application of Jy) through the switch 


tn the direction of Zp). But this is exactly 


the equivalent of cancelling the steady-state 
current existing in the switch prior to open- 
ing. The term &r/(s~ + Wx) in (25) is 
merely that proportion of the bus voltage 
which appears as an outgoing wave on the 
line. Thus when a switch is opened the 
transient term may be calculated by sud- 
denly cancelling the switch current with an 
equal and opposite current (as function of 
time) a fact evident from first principles. 
Therefore: 


The effect of opening a switch may be simu- 
lated by suddenly impressing through the 
switch a current equal and opposite to the 
steady-state current through the switch. 


Closing a Switch 


Suppose that, in figure 1, the switch is 
about to be closed on the impedance Z(p). 
Just prior to closing, the voltage across the 
switch is the voltage on the bus, 
Ey = Ex — Wil b)-Le (28) 
and the total steady-state current flowing 
to the bus is (since the switch is open) 


nt+m 
Ih = ee I, =0 (29) 
1 
The transient voltage on the bus is 
€o = ey’ — Wil p)-ix’ (30) 


and the total transient current flowing 
to the bus is 


nm 


n 
to= > te’ + Do te 
1 


nt+1 


(31) 


Substituting (28), (29), (30), and (31) in (14) 
and rearranging 
& = Z(p)-t0 — Eo (32) 


Now the total impedance as viewed from 
the bus, excepting Z(p) is 


= Zp) (33) 
i 
and therefore (32) may be written 
Z(b) 
=— — £ (34) 
Peace spy eo" 
or 
Zz, 
ee oP) Ey (35) 


~ Zp) + Z(P) 


But this is identically the voltage which 
would appear on the bus if the open switch 
voltage E were suddenly cancelled by im- 
pressing across it a voltage —H, There- 
fore: 

The effect of closing a switch may be sImu- 
lated by suddenly impressing across tts ter- 


minals a voltage equal and opposite to the 
steady-state voltage across its terminals. 
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No Generators on Bus 


If there are no generators on the bus, then 
equations 17, with 7, = 0, suffice for the de- 
termination of the voltage waves e;’. 


No Generators on Bus 
and Zero Series Impedances 


If there are no generators on the bus then 
1; = O, and if the series impedances are zero 
W(p) = 0, then equations 17 give (since 


e1’ = e! . =e,’ = e'and A, = Ek = 
n 


Nil 


ant Ep) 


A Yell Z(p)-Ip — Eo 
iio | 

1+ 2(p) S* “i 

1 ‘a 


z 
= ———- [(Z(p)- In — E 36 
s+ 2(p) 7tP)-40 0] (36) 
in which 
1 ‘ ee 
z= i = impedance of all lines in 
os parallel (37) 


n 
ar 
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Steady-State Waves 


It is well known that the solutions for 
voltage and current on a long transmission 
line operating in the steady state may be ex- 
pressed in terms of traveling waves. Thus 
the vector solution for the voltage at any 
point x (measured negative from the receiver) 
in terms of the receiver voltage Fo and cur- 
rent Jp is 


E = E, cosh V/ zyx — 


Ih \: sinh VJ zyx (38) 
BY 
where 
z=r+joLl 
= line impedance per unit length 
y=eEtjoC 


= line admittance per unit length 


If the losses are neglected, r = g = O, and 


Vay = jw VLC 


= surge impedance of the line 


a) 
i a 
v 


v = velocity of propagation 
then 
wx . " WX 
Ee— Epcos = — 721, sin — 
v v 


WX ae 9) . Wx 
= Ey &t cos — — aly A 9+ /2) sin - 
v 


(39) 
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The instantaneous value of E is the real 
of the above, or 


x 
E(x, t) = Eo cos wt cos sa ++ 
v 


wx 
2Io sin (wt — 6) sin — 
v 


2 


sly cos — (« —v + Al + 
v w 


1 w 
re E cos — (x + wt) — 
2 v 


219 cos ‘ (« + vt— al (40) 
v w 


This suggests the possibility of employing 
a pair of waves to represent the steady-state 
conditions on any line, whether d-c, a-c, 
or any other operating condition. These 
waves, once known, are then the incident 
waves for any change of circuit conditions, 
and the reflections may be calculated in 
routine fashion. 

Let the voltage and current in the steady 
state at the transition point prior to switch- 
ing be given as functions of time by E(t) and 
I(t), respectively. Let these conditions be 
specified in terms of a pair of forward and 
backward waves e; and e,’ (the subscript s 
implying ‘“‘steady-state’’ waves): 


é; + ¢; = H(t) 
ts +4,’ = I(t) 


But if z is the surge impedance of the line 


1 
= 5 | Bo cos 2 — vt) + 
v 


(41) 
(42) 


1s = e;/z andi,’ = —e,’/z (43) 

so that (43) in (42) give 

és — €; = z-J(t) (44) 

From (41) and (44) 

a = 5 (EH) + 210] (45) 
1 } 

e,' = 5 [E(t) — z-I(t)] (46) 


Thus each wave consists of a component 
equal to half the steady-state voltage dis- 
tribution on the line, and a component equal 
to half the steady-state current distribution 
on the line; the first component reflects as 
from an open terminal while the second com- 
ponent reflects as from a grounded terminal. 

The functions e, and e;’ at some point xo 
on the line are given by (45) and (46) as 
time functions. If, however, they are to be 
regarded as true waves, then 


v 
ol ( +. 4 =) (48) 
v 


For example, taking x» = O and E(t) = 
Ey cos wt, I(t) = Io cos (wt — 6), equations 
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(47) and (48) give the two terms of (40). 

While (47) and (48) constitute the speci- 
fication of the steady-state conditions on the 
line in terms of traveling waves, it is neces- 
sary to show that they are also compatible 
with the terminal impedances at the ends of 
the line. This is proved by showing that 
e;’ is the natural reflection at one end of the 
line, and that e; is the reflection at the other 
end. For example, suppose the line termi- 
nates in an impedance Z, in series with a 
generator of voltage Fi. The wave e;’ is 
composed of the reflection of e; from 2; and 
the discharge of E; through Z, to the line. 
These two terms then are: 


es 


| 
> 
NI|N 
sell 1 
win 
See? 
a 
=. 
eas 
N 
aes 
an 
— 
& 


Zi ah il z 
= (2: ae aes: x 
(E — ZI) 
= ; (E — 21) (49) 


In the same way es may be shown to be the 
reflection at the other end of the line. 

If, now, at any point on the line the circuit 
conditions are changed, as by a switching 
operation, the “steady-state” wave receding 
from that point moves away without conse- 
quence, but the ‘‘steady-state’’ wave ap- 
proaching the point impinges on the new 
terminal impedance and gives rise to reflec- 
tions and refractions in accordance with 
conventional traveling wave theory. It 
must be remembered, however, that when 
the tail of the receding wave reaches the ter- 
minal impedance at the other end of the 
line, which it is approaching, it also will 
cause a transient reflection there. In addi- 
tion to the reflection of the approaching 
wave there is also a wave representing the 
discharge into the line of the energy sources 
(generators, charged capacitances, and cur- 
rent carrying inductances) of the terminal 
impedance; so that the total reflected wave 
from the impedance Z(P) is 


Di zey3 
os ac ues 


If the transition point is at some inter- 
mediate point on the line, then there is a 
“steady-state’”’ wave approaching the point 
from each direction, and the principle of 
superposition applies as usual. 

It remains to show that the two “‘steady- 
state’ waves of finite length (the length of 
the line) are equivalent to the single semi- 
infinite “initiated wave” of appendixI. The 
total voltage at the transition point, by (50), 
is 


Discharge of the 
energy sources 
in Z(p) 

(50) 


e=é@' +e, 
GO) eee i | (peal (51) 


Substituting for e; from (45) and subtract- 
ing the steady-state line voltage E gives the 
‘initiated wave” 


2Z(p) 1 
e' eee | ry alate t e+ 


ll 


Zp) +2 
[Energy discharge term] — E 


26 TRANSACTIONS 


2 z 
Zp) +2 
[Energy discharge term] (52) 


, 


(Ze ete 


defined in equation (36) of appendix I. 
Now e; and e,’ being finite waves of length 
T may be represented as 


e(1 — 17) at one end and es/(1 — 17) at 
other end of line (53) 


that is, each as the superposition of two in- 
finite waves of opposite sign, displaced by 
T. But since es1 is the perpetual reflection 
of e,’1 at the other end of the line, and since 
by (41) 


e,1 +e1 = H(t) (54) 


it follows that the transient must be due 
entirely to a wave, of which (—e;’ 17) is a 
component, initiated at the transition point 
at the instant of switching, and of which 
(52) is the specification. Thus the two 
steady-state waves of finite length are re- 
placeable by a single infinite wave, and this 
infinite wave is the “initiated wave’ of 
appendix I or the ‘cancellation wave’ de- 
scribed in the text. 
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Discussion 


T. J. Carpenter (General Electric Company, 
Pittsfield, Mass.): In the application of 
protector tubes, one of the important 
characteristics which must be known is the 
transient recovery voltage characteristic 
when the tube clears, as both the tube’s di- 
electric strength and the recovery voltage 
are a function of time. If the recovery volt- 
age exceeds the tube’s dielectric strength, 
current will restart and the line will not be 
cleared by the tube. 

From the field tests made on protector 
tubes, some data have been secured which 


Figure 1. 


Oscillogram of recovery voltage 


show that the transient voltage due to open- 
ing a simple circuit may be quite accurately 
calculated even though a number of simpli- 
fying assumptions are made. Figure 1 
shows the oscillogram; figure 2, the circuit, 
and the transcribed and calculated voltage 
of one test. This test was made on a 115- 
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kv system. The phase wires of this double- 
circuit 30-mile line, with a single ground 
wire were tied together at the far end from 
the station making the total length of the 
line 60 miles. A 40,000-kva generator, 
25,000-kva_ transformer, and the 60-mile 
length of line were short-circuited to ground 
by a fused expulsion protector tube located 
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L=0.225h (Z= 4822.) 


PROTECTOR TUBE 


ro7 
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Figure 2. Comparison of computed and tran- 
scribed reflections 


on the station side of the line. The pro- 
tector tube cleared the circuit after a half 
cycle of current, and the transient voltage 
was measured by a cathode-ray oscillograph. 
The equation was set up on the following 
assumptions: (1) the impressed voltage is 
considered as a constant direct voltage 
which is justifiable as the computation is 
carried out only for a fraction of a half cycle; 
(2) the current is treated as a sine wave; 
(3) the are voltage is taken as a sine wave 
(used only in the determination of the cur- 
rent); (4) the are voltage at current zero 
defines the start of the recovery voltage 
characteristic; (5) the station capacitance 
is neglected; (6) the coupling between the 
two circuits is neglected; and (7) the at- 
tenuation is neglected. 
The derived equation for these conditions 
is: 
e= —44 + 92.8[(1— €—%)1op + 26te— F415 
+ 2pte~FK1 — B8)tar +...] 


e is the voltage in kilovolts 
az, 

B is L 

Z is the surge impedance calculated from 
the physical constants of the line 

L is the equivalent inductance which deter- 
mines the fault current 

1,7 is the unit function effective att = nT 
where J is the time for a wave to travel 
the length of the line 


In plotting the equation the propagation 
velocity was taken to check with the oscillo- 
gram and works out to be 95 per cent of the 
velocity of light which checks closely with 
other investigations.1 

The discrepancies between the calculated 
and measured recovery voltages are small, 
and can be accounted for by errors in the 
assumptions. For example, the current was 
distorted by the arc resistance, and the sta- 
tion capacitance and coupling between the 
looped lines and phases were neglected. 

However, an exact solution does not seem 
to be justified, as the approximate solution 
gives a very good check. These simplify- 
ing assumptions make the solution much 
easier, and it is suggested that they be kept 
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3 Flashover Characteristics of Transformer 


Condenser Bushings 


By H. L. COLE 
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1 [cae bushings for high-voltage 
power transformers require many elec- 
trical tests to demonstrate their fitness for 
service. A vital part of the complete 
transformer, they operate under extreme 
variations of temperature and weather 
conditions. They are subject to all the 
variations in load, ambient temperature, 
and surges that the transformer windings 
receive, and in addition must be built to 
withstand severe attacks of ice and snow, 
rain and hail, hot sun, smoke, fog, dust, 
and dirt. They must be stronger against 
flashover than the protective apparatus, 
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1. For all numbered references, see list at end of 
paper. 


and must maintain their strength year in 
and year out. The terminal bushing is a 
part of the transformer and not an indi- 
vidual piece of apparatus; under normal 
Service conditions it should be propor- 
tioned in strength to the winding, and 
should be co-ordinated with the winding 
under impulse voltage conditions. 

The purpose of this paper is to discuss 
the electrical performance of bushings, 
particularly flashover characteristics, how 
they are obtained, and the relation of 
factory and development tests to re- 
quirements of service. 

To determine the performance of trans- 
former bushings, the following electrical 
tests are made: 


1. Sixty-cycle, or low-frequency tests: 
(a) Dry flashover, 
(b) Wet flashover. 
(c) One-minute hold; dry. 
(d) Ten-second hold; wet. 
(e) Power factor and capacity. 
(f) Temperature rise under loading. 


in mind when setting up equations for this 
type of problem. 


REFERENCE 


1. THEORY AND TESTS OF THE COUNTERPOISE, 
L. V. Bewley. AIEE Lightning Reference Book, 
page 1392. 


R. D. Evans and A. C. Monteith (Westing- 
house Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): We quite 
agree with Mr. Bewley as to the growing 
interest and curiosity in the subject of 
switching transients, but we believe that this 
interest grows out of the recognition of the 
increasing importance of switching surges. 
An example of one type of switching tran- 
sient is the recovery-voltage transient, which 
is important in connection with the applica- 
tion of interrupting devices, such as circuit 
breakers, fuses, and protector tubes. This 
phase of the problem has been of particular 
interest to us and results from our investiga- 
tions have been given in two papers, the first 
presented at the last summer convention and 
the second at the last winter convention. 
In the introduction of Mr. Bewley’s paper 
he discusses only theoretical methods ap- 
plicable to the study of transients due to 
circuit changes. We believe that any re- 
view of methods for studying transients of 
this character should include mention of the 
method utilizing the a-c network calculator. 
By this method any theoretical circuit or 
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practical system can be simulated in minia- 
ture and subjected to circuit changes corre- 
sponding to those of the system under con- 
sideration. Such an arrangement permits 
taking into account the effects of initiating 
and subsidence transients, losses, arc charac- 
teristics, etc., and the interaction of these 
factors. In general, we have found that it 
is impracticable by the use of analytical 
methods alone to consider all of these fac- 
tors. Furthermore, as demonstrated by our 
recent paper presented at the winter conven- 
tion, the a-c calculating board method is ad- 
mirably adapted for the general study of 
switching transients. 


We quite agree that of the three general 
methods discussed by Mr. Bewley the ‘“‘can- 
cellation method” is the most useful. In 
the practical application of this method to 
three-phase systems, it will be found that 
the resolution into symmetrical compo- 
nents, as outlined in our earlier paper, will 
constitute a simplification over ‘‘single 
phase”’ methods. 


It may be inferred from the title and the 
treatment of the subject that transients 
arising from switching operations require a 
different treatment from that which has been 
developed for the study of lightning surges. 
It is believed that these problems are essen- 
tially the same, as both can be considered 
as transients arising from changes in cir- 
cuits. Hence, the work on lightning surges 
also applies to switching surges. 
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(g) Endurance tests (puncture strength 
under continuous high voltage at 
elevated temperatures), 

(h) Radio interference tests. 

2. Impulse tests: 

(7) Full-wave strength, or minimum 
(50-50) flashover, with 1!/, x 40 
wave. 

(j) Voltage flashover—time lag curve 
(1'/2 x 40 wave), 

(k) Flashover on steep wave front. 

(/)’ Puncture strength, bushing im- 
mersed in oil. 


The above list of electrical tests is by 
no means complete, but it gives the prin- 
cipal ones made in the development of a 
line of high-voltage terminal bushings. 
The one-minute hold test (c), and the 
power factor test (e), are made on all 
condenser bushings and are considered 
commercial or production tests. The re- 
maining tests are made during develop- 
ment or on a representative number of the 
bushings only. 


(a) Srxty-CycLe Dry FLASHOVER 


One of the earliest purposes of the 60- 
cycle dry flashover test was to demon- 
strate that the bushing, under compara- 
tively short-time application of voltage, 
would flashover at the air end before it 
would puncture. It was also an indica- 
tion of strength against switching surges. 
Before impulse tests were made, the 60- 
cycle dry flashover was a rough measure of 
the impulse strength of the air end of the 
bushing. 

At the present time, the value of the 
60-cycle dry flashover test is of minor 
importance in demonstrating the serv- 
iceability of the bushing. The wet 
flashover is the limiting feature with re- 
spect to switching surges, the one-minute 
test is a stronger proof of puncture 
strength, and the impulse flashover is a 
direct measure of lightning strength. 

Like most of the tests, the 60-cycle dry 
flashover test must be made separate from 
the transformer. During the test the oil 
level at the bottom end of the bushing 
must be the same as in the transformer 
itself. The tank of oil on which the bush- 
ing is mounted for test must be suffi- 
ciently large to prevent corona disturb- 
ances at the bottom end of the bushing. 
The cover should have sufficient area to 
produce the same effect on the electric 
field above the tank as on the transformer. 

Sixty-cycle dry flashovers of bushings, 
like tests on sphere gaps and rod gaps, will 
vary with the air density and must be 
corrected to a relative air density of 1.0 
to obtain a comparison with the perfor- 
mance data recommended by the trans- 
former subcommittee of the AIEE.! For 
all ordinary tests, where the relative air 
density is within + ten per cent of unity, 
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Figure 1. Positive (left) and negative (right) 
impulse flashover of condenser bushing 


it is sufficiently accurate to assume that 
the flashover is directly proportional to 
the relative air density. This correction 
is applied to bushings of all sizes. 

Sixty-cycle dry flashovers of a bushing 
will vary with humidity, and will increase 
with an increase in humidity, other fac- 
tors remaining constant. The standard 
correction proposed by the transformer 
subcommittee of the AIEE? is that the 
measured flashover voltage shall be in- 
creased by three per cent for each grain 
that the absolute humidity falls below 
standard (6.5 grains per cubic foot) and 
decreased by three per cent for each grain 
above standard, to obtain the dry 60- 
cycle flashover for standard humidity. 
This correction applies only to bushings 
for 23-kv service and higher, and also 
only when they are gapped. For smaller 
bushings, the humidity correction is 
negligible. For ungapped bushings no 
humidity correction has been specified. 

The standard for humidity, referred to 
in this paper as 6.5 grains per cubic foot 
is the same as the vapor pressure standard 
of 0.6085 inches of mercury now being 
proposed by the transformer subcommit- 
tee of the AIKE. 


(b) Srxry-CycLE WeT FLASHOVER 


From the standpoint of ability to with- 
stand switching surges, the 60-cycle wet 
flashover value of a bushing is of more 
importance than the dry characteristic. 
The 60-cycle wet flashover is necessarily 
lower than the dry; the closeness to 
which the two can be brought together is 
to some extent a measure of the efficiency 
of the design of the bushing and its 
weather casing. 

The following conditions have been 
proposed by the transformer subcommit- 
tee of the AIEE? for standard wet flash- 
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The flashovers shown 
here are on a steep 


wave front _ that 
reached nearly a 
million volts and 


90,000 amperes. In 
these tests the bush- 
ing was equipped 
with a top electrode 
for control of posi- 
tive wave flashovers, 
and a flange elec- 
trode for the control 
of negative wave 
flashovers 


over tests: 12,000 ohms per centimeter 
cube resistance of water, with a 0.1 inch 
per minute precipitation at a 45-degree 
angle to the bushing. The correction 
factors for various resistivities are: 


Correction 
Factor 


Water Resistance 
Ohms Per Centimeter Cube 


The measured flashover voltage times the 
correction factor gives the flashover at 
12,000 ohms resistivity. This correction 
factor is useful because, while it is com- 
paratively easy to regulate the amount of 
precipitation during a test, the control of 
the water resistance is difficult and would 
require a complicated tank supply to 
maintain a definite resistivity. 

The temperature of the water affects 
the resistivity, and also affects the rela- 
tive air density and absolute humidity. 
These apparently have little effect on 
flashover. This feature, however, has 
not been studied by the writer outside of 
the range of temperatures (10 degrees 
centigrade to 25 degrees centigrade) 
obtained in an ordinary city water supply. 


(c) Srxty-CyCLe 
OnrE-MinNuTE Hotp Trsst, Dry 


In contrast to the flashover tests 
(which are mainly a check on the design 
of the bushing), the dry one-minute hold 
test is a commercial test given all bush- 
ings. The object is to check the manu- 
facture of the bushing, the materials 
used, and the assembly. This test is 
often employed in the field to determine 
the suitability of a bushing for service. 
While the rejection of a bushing because 
of failure to meet this test is very rare, 
nevertheless it has been considered a good 
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policy to subject transformer terminals to 
a higher one-minute test than they re- 
ceive during the test on the windings. 
The one-minute hold test is made at a 
voltage of 75 to 90 per cent of the 60 
cycle dry flashover voltage. 


(d) Srxty-CycLE 
Ten-SEconD Hotp Test, WET 


This test, made at a voltage of 75 to 
90 per cent of the wet flashover voltage, 
is a special test which serves principally 
to demonstrate further the efficiency of 
the design of bushing and weather casing. 
It is doubtful whether such a test con- 
tributes much to the standard of bushing 
performance, and the test is made only 
in special cases. 

The following 60-cycle tests relate to 
electrical performance of bushings, even 
though they do not come within the 
subject of flashover. Reference to them 
is made in this paper because they are 
fully as important as the flashover char- 
acteristics in determining the suitability 
of a bushing for service. 


(e) PowrrR-FAcTor 
AND Capacity TESTS 


The power-factor test is a good method 
to determine the quality of the insulation 
in the bushing. This test, together with 
the capacity measurement, is made on all 
condenser bushings as a check on mate- 
rials and manufacture. 


(f) TEMPERATURE RISE 
UNDER LOADING 


This is a development test, to deter- 
mine the safe loading for each size of 
bushing with a given size of cable or solid 


Figure 2 (left). Condenser with uneven steps 
on upper end 


Figure 3 (right). Condenser with even steps 


on upper end 
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. lead. In service, the lower end of the 


bushing is in the hottest transformer oil, 


and the upper end is subjected to higher 


than ordinary ambient temperatures. It 
is important to keep the temperature rise 
of the central part of the bushing low. 


(g) EnpuRANCE Tests (PUNCTURE 
STRENGTH UNDER CONTINUOUS 
HicuH VouLtace) 


An important development test is that 
which demonstrates the strength against 
puncture, over long applications of volt- 
age at high temperature. It is well 
known that practically all insulating 
materials have higher power factors at 
high temperatures. The total loss in a 
bushing must be sufficiently low so that a 
stable temperature condition is main- 
tained. If the power factor is too high, 
the dielectric losses will increase the tem- 
perature, which in turn will increase the 
power factor, increasing the losses, etc., 
until breakdown will occur. Such a 
critical condition will not be caught in a 
one-minute test, but may take several 
hours to develop. 

A method of making an endurance test 
has been to mount the bushing with the 
lower end in 100-degree-centigrade oil, 
and the upper end in 100-degree-centi- 
grade air, and to apply a continuous 60- 
cycle voltage, raising the voltage ten 
per cent every eight hours until failure 
occurs. This is a severe test, but one 
which is without doubt justified for trans- 
former bushings operating in high tem- 
perature localities. 


(h) Rapio INTERFERENCE TESTS 


The standardization of radio inter- 
ference tests on high-voltage bushings is 
now under consideration. Tests have 
been made on old and new bushings, by 
the method proposed by the joint Edison 
Electric Institute, National Electrical 
Manufacturers Association, and Radio 


Source of data: Reference 4 
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Figure 4. Sixty-cycle Alashover voltages for 
25-centimeter sphere-to-plate and rod-to- 
plate gaps 
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Figure 5. A line of 
transformer conden- 
ser bushings, for 
standard _ voltages 
from 69 kv to 161 
kv (inclusive) 


Manufacturers Association committees 
on radio interference.’ 


(¢) ImpuLse Tests; 
FuLL WAVE oR MInImuM FLASHOVER 


Since impulse testing of transformers 
has become general, it has been proposed 
to standardize the full wave or minimum 
flashover voltage of transformer bush- 
ings.! A positive 11/. x 40 wave has been 
recommended for this standardization. 
Until recently, the flashover strength was 
designated by the “equivalent gap” 
length of the bushing, meaning the length 
of standard rod gap in inches which, when 
connected in parallel with the bushing, 
would produce 50-50 flashovers between 
bushing and gap. At the present time 
the full wave strengths of bushings are 
measured by voltage values, by sphere 
gap, or cathode-ray oscillograph. From 
the standpoint of co-ordination of trans- 
former winding and bushing, the bushing 
must not have an excessively high im- 
pulse flashover. This is also true with 
respect to negative full-wave values, 
particularly when a rod gap is used as a 
protective device. This point is dis- 
cussed further under actual tests reported 
for condenser bushings. 

The full-wave strength, or minimum 
impulse flashover of a bushing will vary 
with the air density and humidity. The 
correction for air density is the same as for 
60-cycle dry flashover and is applied to all 
bushings—the minimum impulse flash- 
over being directly proportional to the 
relative air density within the limits under 
which ordinary tests are made. For varia- 
tions in humidity, the minimum impulse 
flashover is 2'/. per cent lower for each 
grain below the standard humidity con- 
dition of 6.5 grains per cubic foot, and 21/2 
per cent higher for each grain above 6.5. 
This correction is applied only to gapped 
bushings, for 23-kv service and above. 
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A considerable number of impulse 
flashover tests have been made on bush- 
ings under wet or rain conditions, with 
0.1 inch per minute water precipitation. 
When the correction for relative air den- 
sity and 100 per cent humidity is taken 
into consideration, the effect of the water 
reduces the impulse flashover not more 
than two or three per cent, and is con- 
sidered negligible. For this reason wet 
impulse flashover tests are not required 
to demonstrate the performance of stand- 
ard bushings. 


(7) ImpuLse VoLTAGE— 
TIME LAG CURVES 


The impulse flashover voltage of bush- 
ings at short time lags is important in 
determining the amount of protection 
against winding failure which the bushings 
will offer, and the factor of safety of the 
bushing itself against puncture. 


(k) FLASHOVER ON STEEP WAVE FRONT 


With steep wave front surges, on the 
order of 1,000 to 2,000 kv rise per micro- 
second, it is important to know the flash- 
over voltage of bushings for three rea- 
sons: (1) To determine what protection 
is afforded the bushing by the protective 
device—lightning arrester, rod gap, or 
line insulation; (2) to determine what 
protection the bushing offers the trans- 
former winding, and (3) to determine the 
factor of safety of the bushing against 
puncture. Figure 1 shows photographs 
of steep wave front flashover, with heavy 
surge currents. 


(1) IMPULSE PUNCTURE STRENGTH 


The impulse puncture strength of the 
bushing must be known in order to have 
complete data for the design and applica- 
tion of the bushing. These tests are 
made with the entire bushing immersed in 
oil. 
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Condenser Bushings and Rod Gaps 


Bushing flashover characteristics are 
closely associated with the dielectric 
strength of air between various types of 
electrodes. Since the development of 
impulse testing measurement of surges 
by means of the cathode-ray oscillo- 
graph, much data have been taken to 
determine the effect of condenser design, 
shape of bushing cap, height of flange 
above the cover, location and design of 
bushing gaps, etc., on the impulse and 60- 
cycle flashover of condenser bushings. 

It has been known for years that the 
shape of the electrodes has a decided effect 
on the impulse flashover strength of air, 
and that when the positive polarity is 
applied to the electrode having the higher 
field intensity, the flashover voltage is 
lower. A practical study’ of electrode 
shapes over a wide range of voltages, 
made a few years ago, has confirmed pre- 
vious observations and brought out many 
important facts, useful in bushing de- 
sign. 

Some of the facts brought out or con- 
firmed in the Bellaschi-Teague paper are: 


1. The impulse flashover voltage from 
point to plane is lower when the point is 
positive and higher when the point is 
negative. 

2. The 60-cycle flashover occurs with the 
positive polarity of the wave on the point. 
8. A sharp projection extending out from 
the plane on a rod-to-plane electrode test, 
will reduce the impulse flashover for tests 
with negative polarity applied to the rod. 
4. A sphere-to-plane gap has higher flash- 
overs (60-cycle and positive waves) than a 
rod-to-plane gap, up to openings 3!/, times 
the sphere diameter. For larger openings 
the flashovers are less. See figure 4. 


An examination of considerable data 
taken on condenser bushings previous to 
the tests described above disclosed that 
fundamental data on rod and rod-to- 
plane gaps would be desirable. Pre- 
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Figure 6. Sixty-cycle dry flashover of con- 
denser bushings 


Voltages are corrected for standard air con- 
ditions. The full line is for standard rod gaps 
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vious condenser-bushing data showed 
that there were several ways in which 60- 
cycle and impulse flashover voltages 
could be controlled. The tests‘ confirmed 
the conclusions drawn and enabled future 
design work to be made on a firmer basis. 
These conclusions are: 


5. A pronounced change in both 60-cycle 
and impulse voltage flashover can be made 
by changing the length of the condenser 
steps on the air end of the bushing. A 
bushing with even steps (see figure 3) on 
the upper end of the condenser has a lower 
60-cycle and positive wave flashover than 
one in which the steps are long at the top 
and short at the bottom (as in figure 2). 
For example, a 115-kv bushing with long 
steps at the top of the condenser, had a 
positive-wave flashover of 15 to 25 per cent 
higher, and a 60-cycle flashover 15 per cent 
higher than one with equal steps for the 
entire length of the air end. The positive 
full-wave flashover was higher than the 
negative, due to the reduction of field in- 
tensity at the top of the bushing. 


6. Using the principle that a positive-wave 
flashover is initiated by, and is lower when 
a rod or point electrode is provided at the 
positive terminal, the impulse flashover for 
both positive and negative waves can be 
controlled independently, when desired, 
within practical limits. One way of ac- 
complishing this is by means of positive 
and negative electrodes, mounted at 180 
degrees. With this electrode or gap design, 
a positive wave applied to the bushing lead 
will flashover consistently from the cap elec- 
trode to the metal flange of the bushing. 
A negative wave on the lead (positive at 
the flange) will flash from the point elec- 
trode at the flange to the side of the bush- 
ing cap. Repeated tests will produce the 
same phenomena—positive wave from cap 
electrode to flange, negative from flange 
electrode to cap—even though the two 
distances are unequal in length as much as 
10 or 15 per cent. 


7. It is pointed out in the Bellaschi- 
Teague paper! that the 60-cycle flashover of 
sphere-to-plane electrodes is higher than a 
rod-to-plane, up to 31/, times the sphere 
diameter. 


The electric field surrounding a con- 
denser bushing on a transformer cover is 
in some respects similar to sphere-to-plane 
or rod-to-plane electrodes. 

Bushing caps vary from 4 to 16 inches 
in diameter, and the distances from cap to 
flange vary from one to six times the cap 
diameter. At 138-kv the opening be- 
tween cap and flange is about 31/5 times 
the effective diameter of the cap. For 
higher-voltage-class condenser bushings, 
the 60-cycle flashover may be increased 
slightly by the addition of a point elec- 
trode to the cap. 


Seavaecus Wsens 
ON CONDENSER’ BUSHINGS 


A large number of 60-cycle tests on 
transformer condenser bushings have been 
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made during the past four years. Some 
of them have been made without bushing 
gaps, some with special shaped electrodes, 
some with top and bottom electrodes at 
180 degrees with each other, and others 
with bottom electrodes only. The data 
in Figures 6 and 7 give all the flashovers 
measured on bushings with top electrodes, 
or both top and bottom electrodes in 
place. The voltages are each an average 
of five flashovers, and are plotted against 
the vertical distance in inches from top 
electrode to flange. 

The dry flashover voltages are corrected 
to relative air density = 1 and for 6.5 
grains per cubic foot (0.6085 inch mer- 
cury) absolute humidity. The wet flash- 
over voltages are corrected for water re- 
sistance in line with the Institute standard 
correction given above. Actual water 
resistances were from 3,500 to 7,500 ohms. 
per centimeter cube during the tests. 

A number of tests have been made with 
0.2 inch per minute precipitation, instead 
of 0.1 inch per minute. Of 12 bushings 
tested, up to and including the 69-kv, 
class (approximately 24 inches length) 
the wet flashover for 0.2 inch per minute 
precipitation averages 84 per cent of that 
for 0.1 inch per minute; the minimum 
was 77 per cent, the maximum 90 per 
cent. 


IMPULSE TESTS ON CONDENSER BUSHINGS. 


Impulse flashover data on a large num- 
ber of condenser bushings are given in 
figures 8 and 9. 1'/, x 40 waves were 
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Figure 7. Sixty-cycle wet flashover of con- 
denser bushings 


Precipitation 0.1 inch per minute at 45 degrees. 

to bushing. Voltages are corrected for 

standard water resistance of 12,000 ohms per 
centimeter cube 


used. Corrections for air density and 
humidity have been made, in accordance. 
with Institute standards, for all the bush- 
ings tested. In the case of positive 
waves, the flashovers are plotted against 
distances from top electrode to flange. 
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For negative waves the distances are from 
flange electrode to the cap. 

The straight line curves in figures 8 
and 9, representing two-microsecond and 
full-wave values are from time lag curves 
for standard rod gaps. These curves 
have been published previously, and are in 
the Bellaschi-Teague paper,‘ figures 3 
and 4. The rod gap curves are drawn on 
the bushing flashover points to indicate 
that co-ordination of condenser bushings 
with rod gaps, for both positive and nega- 
tive waves and down to at least two micro- 
seconds time of flashover is accomplished. 
The data for the bushings, as well as the 
rod gaps, have been taken directly from 
tme lag curves. The time lags are 
measured from the 60-cycle crest voltage 
flashover value to the time of flashover. 
The variation of tests from the curves is 
reasonably small, considering the nature 
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Figure 8. Positive wave impulse flashover of 
condenser bushings 


43/2 x 40 waves were used. Voltages are 
corrected for standard air conditions. The 
full lines are for standard rod gaps 


of the tests and the fact that they have 
been made at different times over a period 
of four years. The impulse flashover data 
are in reality more consistent than the 
60-cycle data. 


USE OF ELECTRODES 
OR Gaps ON BUSHINGS 


There has been some discussion in the 
Institute proceedings as to the need or 
desirability of gaps or electrodes on 
transformer bushings. 

Several years ago the design of con- 
denser bushings to meet the co-ordination 
requirements then prevailing, without the 
use of gaps, was considered. Even with 
the flexibility of design provided by the 
condenser bushing, where considerable 
range of control of the electric field is 
possible by location of condenser steps, it 
has been found desirable to use an elec- 
trode projecting out from the flange to ob- 
tain the desired negative-wave flashovers. 
‘The function of the top or cap electrode is 
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of less importance than that of the flange 
electrode, as the positive-wave flashover 
from the plain cap of the bushing to the 
flange electrode is usually lower than the 
negative-wave flashover from flange elec- 
trode to cap. 

A reference to figure 4, which is drawn 
from data in the Bellaschi-Teague paper‘ 
shows that sphere-to-plane electrodes 
have higher 60-cycle flashovers than rod- 
to-plane, for distances up to 3'/, times the 
sphere diameter. For longer distances 
the flashover is less. The same is true 
for positive and negative impulse flash- 
overs. The standard requirements for 
bushing flashover follow closely the rod- 
to-rod and _ rod-to-plane. A bushing 
which has: (a) a low flange (bottom of 
porcelain close to the cover), (b) no elec- 
trode on the flange, and (c) a cap with no 
sharp edges or gap, will have flashover 


IMPULSE FLASHOVER KV. 


8 10 20 40 60 100 
DISTANCE “B” IN INCHES 


Figure 9. Negative wave impulse flashover 
of condenser bushings 


41/, x 40 waves were used. Voltages are 
corrected for standard air conditions. The 
full lines are for standard rod gaps 


characteristics which differ from a rod-to- 
rod curve in a manner similar to the 
sphere-to-plane curve in figure 4. The 
extent to which it will depart from the 
straight line rod-to-rod curve will de- 
pend upon how closely (a), (b), and (c) 
above are met. Whether the flashover 
will be above, or below the straight line 
curve will depend upon the relative di- 
ameter (effective) of cap and height of 
porcelain. 

From the standpoint of uniformity of 
design, co-ordination of bushing with pro- 
tective apparatus, and possible protec- 
tion to the winding offered by the bushing, 
the use of a gap on the flange of bushing 
seems desirable. The writer’s experience 
has been that bushings with gaps have 
less erratic flashover values (see figure 10, 
showing negative impulse-time lag curves 
for bushing with and without gap at 
flange). A gap will often prevent a 
flashover to other metal parts of the trans- 
former, such as caps of adjacent bushings 
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or grounded metal projecting above the 
transformer cover. This is especially 
true of the gap at the flange of the bush- 
ing. A gap is a ready means for fixing 
the flashover values and adjusting the 
flashover for special applications. The 
humidity correction factor is more defi- 
nitely known for gapped bushings. 


700 


FULL 
WAVE 
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_ TIME ‘LAG 


MICROSECONDS 


Figure 10. Impulse flashover-time lag curve 
of bushing, showing spread of points 


A-A'—Without gap at flange 
B-B’—With gap at flange 
Tests made with negative 11/2 x 40 wave 


Co-ordination of bushing and winding 
becomes practical when a gap is used. 
For example, a 138-kv transformer wind- 
ing has a safe impulse test strength (based 
on an impulse ratio of 2.2) of 860 kv. If 
we select a bushing with an equivalent 
gap of 44 inches (the previous recom- 
mended standard), it will have a 60- 
cycle dry flashover (from figure 6) of 
approximately 425 kv, a 60-cycle wet 
flashover (figure 7) of approximately 350 
ky. The impulse flashovers would be 
(from figures 8 and 9) positive minimum 
flashover 700 kv, negative minimum 
flashover 800 kv. These data show that 
without allowance for factor of safety in 
the winding insulation the bushing is co- 
ordinated with the winding for full waves 
and for waves chopped by the bushing at 
fairly long time lags (three to six micro- 
seconds). In other words, the bushing is 
substantially another co-ordinating gap, 
of similar characteristics but with slightly 
higher flashover values than the former 
standard gap. 

The writer knows of only two cases of 
bushing flashovers on modern power 
transformers during the past three years. 
In neither case were the windings dam- 
aged. The bushings were gapped. With- 
out gaps, these bushings would have had 
from 5 to 10 per cent higher positive-wave 
flashover, and 25 to 50 per cent higher 
negative wave flashover. 
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In conclusion, it is desired to point out 
that the data in this paper refer only to 
bushings for transformers. The recom- 
mendations and conclusions should not 
be interpreted as recommending the same 
practice on bushings for other apparatus. 


Conclusions 


1. It is necessary to make many 
electrical tests to prove that bushings 
will meet service conditions. 

2. Correction factors for flashover 
tests of gapped bushings, as proposed by 
the AIEE transformer subcommittee, 
hold within reasonable limits as indicated 
by tests over a considerable period and 
under widely varying conditions. 

3. Present correction factors for 
humidity do not apply to ungapped bush- 
ings unless they are provided with the 
equivalent in the form of sharp or square 
corners. j 

4, Flashover values for ungapped 
bushings may be erratic or in some cases 
lower than when equipped with gaps. 

5. Ungapped bushings may have very 
high negative-wave flashovers, and may 
result in flashovers directly to other 
windings rather than to ground unless 
excessive distances are taken. 

6. Properly gapped, bushings meet 
all of the characteristics at present recom- 
mended by the AIEE transformer sub- 
committee. The fact that special elec- 
trodes or gaps are furnished may not re- 
sult in any reduction in guaranteed 
strengths. 

7. Bushings having performance sub- 
stantially equivalent to the “equivalent 
gaps” proposed for bushings can furnish 
a considerable margin of protection to 
transformer windings without encroach- 
ing upon the factor of safety. It is prob- 
able that, including the factor of safety, 
and for a single surge, high-voltage surges 
at short time lags could be withstood. 

8. Itis desirable, under normal condi- 
tions, to use bushings having characteris- 
tics as nearly as possible equal to the 
“equivalent gaps’? previously proposed, 
because much protection at no cost is 
thereby obtained, and the location of the 
initial flashover can be controlled. 
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Discussion 


R. E. Pierce (Ebasco Services Inc., New 
York, N. Y.): Regarding the question of 
whether or not bushings should be provided 
with gaps, the author’s reasons for advocat- 
ing their use are sound. They are a 
measure of protection to the transformer 
winding, and control the location of any 
flashovers. 

However, because they do fix the location 
of flashovers, I feel very strongly that the 
gap electrodes should not be integral with 
the bushing itself, as illustrated in the 
paper, as experience has shown that a gap 
in this position is certain to cause thermal 
damage to the porcelain in the event of 
flashovers, but rather that the gap elec- 
trodes should be mounted or arranged on 
the bushing terminal and transformer cover 
in such a way that any arcing will be at a 
good distance from and preferably above 
the porcelain. Practically, therefore, com- 
plete knowledge of the characteristics, cor- 
rection factors, etc., for the ungapped bush- 
ings is essential, in order to intelligently co- 
ordinate the insulation. 


L. Wetherill (General Electric Company, 
Pittsfield, Mass.): This paper presents a 
broad view of the scope of the develop- 
mental testing which may be needed to 
establish the suitability of a line of bushings 
for modern service conditions. It is well 
that the magnitude and complexity of such 
an investigation should be appreciated 
since it also has a bearing on the circum- 
stances encountered in revision of charac- 
teristics of existing bushings. 

Quite a large number of tests are dis- 
cussed, and it seems desirable that a way 
should be found to eliminate some of the 
tests which contribute little, if any, addi- 
tional information. It is pleasing to note 
that Mr. Cole recommends discontinuance 
of the wet ten-second hold test. While 
this test has been used occasionally on 
circuit breaker bushings, it yields prac- 
tically no additional information beyond 
that which is shown by the wet flashover 
test and the dry one-minute hold test. 
There certainly seems to be little justifica- 
tion for the retention of this test. 

Mr. Cole refers to the one-minute hold 
test as being more severe than the dry 
flashover test. This doubtless results from 
the specific construction under considera- 
tion since it has been the writer’s experience 
that, either with small bushings in which 
the dissipation of heat is easily accomplished 
without any great temperature rise, or in 
large bushings in which numerous oil ducts 
are disposed so as to thoroughly cool the 
main dielectric, it is possible to apply a 
one-minute hold voltage which is limited 
only by the tendency to flashover on the air 
end. Since the dry flashover test is cor- 
rected for atmospheric conditions, whereas 
the one-minute hold test is independent of 
atmospheric conditions, the relative severity 
of the two tests depends on atmospheric 
conditions. For standard atmospheric con- 
ditions the dry flashover test is more severe, 
but for low air density and humidity the 
one-minute hold test may, under extreme 
conditions, become more severe. How- 
ever, as stated by Mr. Cole, the one-minute 
test is intended primarily for the purpose 
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of verifying correct manufacture, and it 
would appear that for this purpose the one- 
minute test is preferable to the dry flash- 
over since the voltage held is independent 
of atmospheric conditions. 

The usefulness of the 60-cycle dry flash- 
over test may well be questioned since the 
impulse flashover test is somewhat more 
severe. The impulse flashover test also has 
the advantage that it is more representative 
of the type of overvoltages which occur in 
service. 

The fact that different designs have 
different characteristics is again illustrated 
by the 60-cycle endurance test in hot oil. 
It can be shown theoretically that the tem- 
perature rise produced by dielectric losses 
inside of a bushing having solid dielectric 
is proportional to the square of the applied 
voltage and is not affected by the thickness 
or configuration of the dielectric. The 
presence of condenser foils modifies this 
principle somewhat but does not alter the 
general principle that for low voltages the 
temperature rise is low and for high voltages 
the temperature rise is higher, even though 
the thickness of dielectric is increased to 
maintain the same stress intensity. As a 
result, it follows that on low-voltage bush- 
ings, there is no danger of a run-away ther- 
mal condition as long as suitable materials 
and thicknesses are utilized. On very high- 
voltage bushings with solid dielectric, the 
temperature rises are greater, and the 
possibility of run-away thermal condition 
must be considered. Even at very high 
voltages, if oil ducts are located so as to 
cool the major dielectric, there is no danger 
of a run-away thermal condition, and bush- 
ings of such design will demonstrate a di- 
electric strength on endurance test at high 
temperatures equal to or greater than that 
at low temperatures. 

A similar distinction is found in the 
application of power factor and capacitance 
measurement to bushings of different con- 
struction. It has been our experience that 
on bushings which have no floating metal 
foils or which have floating metal foils with 
oil ducts between them, there is no tendency 
for the capacitance to vary more than the 
amount which is caused by the normal varia- 
tion in the properties of available materials. 
Therefore, while we record power factor 
measurements of bushings, for the purpose 
of comparison with readings which may 
later be taken in service, we find that the 
capacitance readings are not useful in this 
connection. 

It has been our experience that for bush- 
ings in excess of 25 ky the best possible 
radio noise characteristics can be obtained 
only by the use of liquid filling compounds 
which will have no tendency to form voids 
due to cooling or due to electrical discharges 
caused by overvoltages encountered in 
service. I believe that these advantageous 
features of liquid filling compounds are now 
being generally recognized. 

It is satisfying in some ways to be able 
to measure the impulse puncture strength 
of a bushing, but we have found it prefer- 
able to measure this strength in terms of 
endurance rather than voltage. It has 
been our experience that standard bushings 
cannot be punctured on impulse since they 
will always flashover on the outside, even 
though totally immersed under oil. It also 
appears desirable that the impulse puncture 
strength should be verified with reference 
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_ to its relation to the external flashover 
voltage. We have, therefore, undertaken 
to establish the impulse puncture strength 
by means of repeated flashover tests. In- 
vestigations with impulse flashover voltages 
of varying forms ranging from the full 
1.5 x 40 microsecond wave to very steep 
waves rising at a rate of several thousand 
kilovolts per microsecond have indicated 
that the severest condition appears to result 
from the use of steep waves rising at ap- 
proximately the rate of 1,000 kv per micro- 
second. We have made numerous endur- 
ance tests using this wave with which we 
expect a bushing to be good for approxi- 
mately 1,000 applications at intervals of 30 
seconds. 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): Mr. Cole has 
presented a very complete paper giving the 
electrical characteristics of bushings. Un- 
fortunately the paper emphasizes the use 
of gapped bushings as a protection to trans- 
formers against lightning, 

There is one point in connection with the 
characteristics of a gapped bushing that 
should be mentioned. Unless the arcing 
length is appreciably reduced by the gaps, 
the benefits of the gaps in reducing the 
impulse flashovers disappear on steep wave 
flashovers when they are most needed. In 
fact, extremely steep-front waves will often 
flashover at some place other than on the 
gap electrode. 

This, naturally, leads us to the question 
of why gaps were put on bushings in the 
first place. The principal reason was that 
when commercial impulse testing of trans- 
formers was set up a few years ago, it was 
required that the magnitude of the applied 
impulse wave be measured by flashing over 
the bushing. This required controlling the 
bushing flashover values by means of ad- 
justable gaps. These gaps were provided 
primarily for this purpose and not as a 
protection to the transformer in service. 

Now that impulse testing of transformers 
is to be made on a kilovolt basis, instead of 
on bushing flashover, there is no longer any 
necessity for the use of adjustable gaps on 
bushings during impulse tests. The prin- 
cipal objection to bushings is that gaps may 
give-some operators the impression that 
they will protect the transformer under all 
conditions. 

On account of the faster rise in impulse 
kilovolts of the yolt-time curve of an air 
gap (as the time to flashover gets shorter), 
gaps give no positive protection to trans- 
former windings against steep waves unless 
set much lower than that provided by 
standard gaps on bushings. 

It is strongly recommended that if it is 
felt that a gap must be used for protection 
against overvoltage, it should be connected 
to the circuit a few feet away from the 
transformer bushing to prevent the possi- 
bility of a flashover damaging the bushing. 

There is not much question but that some 
of the statements made in the paper will 
not clear up but will still further confuse 
the question of protecting transformers 
with gapped bushings. The statement 
“Co-ordination of bushing and winding 
becomes practical when a gap is used”’ 
might lead an operator who does not know 
the whole story to think that if a bushing 
has a gap on it with a standard spacing 
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there is no need of providing any further 
protection, If hit with a direct stroke it 
is very doubtful if the transformer could 
stand it. All operators who are using gaps 
to protect transformers use spacings much 
lower than 44 inches for 138-kv circuits, 
One large operating company started with 
20 to 22 inches for 110-ky service but later 
changed to 24 inches; another company 
changed from 20 or 22 inches to 11 inches. 

Other well recognized and effective 
methods of protecting transformers as well 
as service, are available and these methods 
should be used instead of relying on gapped 
bushings which give only partial protection 
to the transformer and no protection to 
service. 

It would have been much better if Mr. 
Cole’s paper had pointed out the conditions 
under which gapped bushings give partial 
protection, rather than giving the impres- 
sion that if the bushings are provided with 
gaps the transformer is co-ordinated which 
to many means that it needs no further 
protection. 


P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The improvements in the present condenser 
bushing, discussed in Mr. Cole’s paper, are 
the outcome of extensive work during the 
past several years. In view of the more 
exacting requirements fundamentals have 
been brought to bear on the various prob- 
lems particularly where this approach was 
more conducive to practical results. One 
instance of this is the design for flashover 
to meet specified values and also means 
of readily controlling this important charac- 
teristic. 

Standing back of this development are the 
extensive tests in the laboratory. Hun- 
dreds of repeated tests, both with long and 
very steep impulses have been applied to a 
bushing design or to bushings in combina- 
tion with transformer windings. Of par- 
ticular interest to operators is the experi- 
ence in testing over 11/2 million kva of trans- 
formers equipped with condenser bushings. 
Further improyements in bushing design 
have been suggested through this experience 
but in particular it has been on this testing 
ground that ample proof has been given of 
the present condenser bushings design in 
fulfilling its specific impulse requirements. 

The extent to which the development de- 
scribed by Mr. Cole has been pursued is 
illustrated in figure 1 of the paper. Here 
we have virtually a lightning stroke dis- 
charge across the bushing. The voltage 
applied rose at the rate of 3,000 kv per 
microsecond followed upon flashover by a 
current discharge of 90,000 amperes having 
a duration greater than 100 microseconds. 
While such severe tests may not be alto- 
gether a check on all possible service con- 
ditions to which a bushing may be subjected 
in the course of service, nevertheless, it is 
clearly an indication of the progress that 
has been made in the field of bushing design. 


F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa) 
Mr. Cole’s paper lists the electrical charac- 
teristics of bushings and shows the large 
number of tests necessary to show that a 
bushing is satisfactory for service. Most of 
these tests are design tests which are not 
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feasible on each and every unit. Control 
tests and guaranteed tests can be reduced 
to relatively few. These latter tests can be 
made on the individual units. 

It is of interest to go into the history of 
insulation co-ordination. Some years ago, 
statements were freely made that the higher 
voltage transformers as a whole were 
stronger against impulse voltages than line 
insulation, and that the windings in turn 
were stronger than the bushings. Experi- 
ence was used as the evidence, and the surge 
generator had not been developed for use 
with transformers. Data of a reliable na- 
ture were not available for the common in- 
sulating materials, 

The advent of the surge generator made 
it possible to check impulse strengths of 
materials and complete units, and it was 
found that experience was a poor teacher 
as shown by the results of the laboratory. 
In many cases, the strength of transformer 
windings was found to be lower than the 
strength of the bushing, and the bushing 
lower than the line insulation. It was felt 
that if the relationships between line insu- 
lation, bushing, and winding were specified 
when it was not known whether they could 
be obtained or not, they must be desirable 
and they should be obtained if possible, 
Careful investigation has showed that they 
could be obtained within reasonable limits, 
except in the cases of severe or direct 
strokes. The trend has been to abandon 
these desirable characteristics because they 
were found to be difficult to obtain gener- 
ally. The acceptance of voltage values has 
led to a big reduction in the requirements 
and possibilities of a reduction in the im- 
pulse strength of equipment as now built. 

There is one point which I would like to 
re-emphasize. That point is covered in 
Mr. Cole’s paper, showing that a consider- 
able degree of co-ordination has been ob- 
tained with bushings and insulation for the 
1388-kv insulation class. When the use of 
protective gaps was recommended, the gap 
length given was 38!/, inches. From figure 
9, the full-wave value for negative waves 
for a 381/,-inch gap is about 700 ky, as 
high in voltage as the 44-inch gap for posi- 
tive waves. It is understood that the 
negative-wave flashover of some types of 
bushing may be the same or less than the 
positive flashover. In this case, bushing 
flashovers might have occurred instead of 
protective gap flashovers due to insufficient 
margin between the protective gap and the 
bushing flashover. This should not have 
occurred with past designs of transformer 
condenser bushings due to the fact that the 
negative-wave flashover has been higher 
than the positive flashover. 

The statement has been made that bush- 
ing flashovers invariably damage the por- 
celain. This is not always true. By the 
use of gaps properly arranged, the power 
are can be largely directed away from the 
porcelain even though the gap parts are on 
the cap and flange. This can be demon- 
strated. Also, the initial flashover, either 
60-cycle or impulse, can be made to clear 
the porcelain and not damage it. These 
features have not been emphasized, since 
it has been felt that bushing flashovers 
should be avoided. The use of a service 
gap, say 34!/, inches long for the 138-kv 
class, at the terminals of bushings should 
avoid bushing flashovers and provide a 
considerable measure of winding protection. 
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Where arresters are used, such a gap would 
only flashover in cases when the discharge 
current was excessive or the arrester was 
too far away from the transformer to supply 
protection for steep high surges. 

Under these conditions, flashover is 
bound to occur somewhere, and the gap will 
locate it so that it will do the least damage 
and protect the transformer windings. 


H. L. Coie: The subjects presented in the 
paper have resulted in some useful and 
interesting discussions, and the author 
appreciates the interest shown. 

Mr. Pierce recommends that gap elec- 
trodes be away from the bushing and not 
integral with the bushing itself. If the 
gap is removed to a point where no damage 
can be done by flashoyer, it will probably 
be far enough away so that the bushing 
may be said to be not co-ordinated. Such 
a gap would be special for each transformer 
and the design would lose much of its sim- 
plicity and practicability. 
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Mr. Wetherill discusses the ‘endurance 
test”? from the standpoint of type of bushing 
construction. Now there are a number of 
different types of bushing construction, all 
of which have been developed to a high 
degree of perfection. It was not the inten- 
tion of the author to discuss differences 
between types of bushings, but it is im- 
portant to note that the presence of con- 
denser foils, as Mr. Wetherill describes the 
application of the condenser principle to a 
bushing, is what actually distributes the 
stresses uniformly throughout the dielec- 
tric, keeps the temperature at a low value, 
and makes the use of oil ducts to prevent 
overheating unnecessary. 

It is not proposed that the bushing be 
used asa principal means of protection for 
the transformer. What is proposed, and 
what has been practiced for the past five 
years, is that a substantial amount of 
additional protection be obtained by making 
the bushing with impulse flashover charac- 
teristics so that it will have a flashover 
slightly under the transformer winding 
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strength for as many types of waves as 
practicable. 

Referring to Mr. Montsinger’s discussion, 
the primary reason for controlling bushing 
flashovers was not for measurement pur- 
poses, but to give some winding protection. 
Originally the operators insisted that bush- 
ings have a lower impulse level than the 
windings. They did not require the use of 
gaps. Gaps were installed by the manu- 
facturer to obtain either uniformity of re- 
sults or the desired level. The bushing 
gapped or ungapped was demonstrated to 
give some protection to the transformer in 
service, and was not in itself a measuring 
device. 

Even before commercial testing, there 
was a demand for co-ordinated bushings. 
Some engineers disagreed with the idea, 
saying that it was impractical. The de- 
mand persisted, and the writer tackled the 
problem of producing a bushing which would 
have as good co-ordination as possible. The 
present paper describes the progress made 
and the results obtained. 
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Co-ordination of Physics With Electrical 


Engineering 


By J. M. BRYANT 


MEMBER AIEE 


HE early departments of electrical 

engineering in American universities 
were outgrowths of courses developed in 
physics. In most engineering colleges 
some member of the physics faculty of- 
fered application courses in physics for 
engineering students and after a few 
years these developed into a complete 
curriculum with a separate faculty for 
electrical engineering in parallel with the 
older civil and mechanical engineering 
curricula. 

The early courses were mostly descrip- 
tive in nature with some emphasis on 
design of electrical machinery. The only 
text available was that of ‘“Dynamo Elec- 
tric Machinery,’’ a two-volume text on 
d-c machinery by S. P. Thompson, an 
English author. The early American 
texts in a-c theory were inadequate, with 
very few proofs, and the minimum of 
mathematics. The early papers and texts 
of Doctor C. P. Steinmetz were the first 
to lay a proper foundation in mathe- 
matical development for advances in a-c 
theory. Practicing electrical engineers 
were not properly prepared in either 
physics or mathematics to understand 
these texts and Doctor Steinmetz adopted 
calculus methods for the solution of dif- 
ferential equations and series methods for 
solution of long transmission lines, so that 
his texts might be of real use to these 
engineers. To the early text on ‘‘Alter- 
nating Current Phenomena” he added 
others, including his well-known text on 
“Transient Electric Phenomena” and then 
one on ‘Electrical Engineering,”’ a book 
adopted as an elementary text for stu- 
dents in some engineering colleges. In 
each of these texts, the solution of cir- 
cuits by the use of the complex number 
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was introduced and the machines were 
reduced to circuits for their solution. 
This was a revolution in method, since 
most previous authors had developed a 
new theory for each machine and the ma- 
chine and the circuit did not fit together. 

Many colleges were slow to adopt these 
newer mathematical methods of analysis 
partly from the inertia and poor prepara- 
tion of the faculty and partly from the 
lack of proper emphasis along these lines 
in the fundamental fields of physics and 
mathematics. When students, trained in 
these new methods of analysis, were ab- 
sorbed by the industry, and more empha- 
sis was placed on fundamentals of analy- 
sis rather than on descriptive methods, 
a distinct gain was possible in the de- 
velopment of better designs for electrical 
devices and machines and the extension 
of the field was much accelerated. The 
rapid advance of electrical engineering 
in the past 25 years is due in a large 
measure to the ability of engineers to 
analyze the problems mathematically and 
to measure the quantities involved with 
exactness. 

At the present time adequate texts are 
available in a-c theory for both under- 
graduate and graduate instruction of 
electrical-engineering students and as 
reference texts for practicing engineers. 
In these texts the authors have adopted 
mathematical proofs with application to 
modern machinery and transmission cir- 
cuits. Much praise is due to the willing- 
ness of publishers to encourage better 
texts in this field when profit has not been 
their only motive. 

In the field of communication the early 
texts were mostly descriptive of the equip- 
ment and circuits with little emphasis 
on calculation or of background physical 
principles. Development in research by 
physicists in the field of electrical dis- 
charges in gases and the development of 
the theory of electron emission have made 
possible the development of vacuum tubes 
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which have revolutionized the whole field 
of wire communication and have brought 
forth the newer field of radio communi- 
cation, The vacuum tube and improve- 
ments in transmission circuits have 
changed the entire field of transmission 
of speech and music over wires by intro- 
ducing repeaters at frequent intervals 
along the line which with better circuit 
equalization have made long-distance 
wire-communication clearer and of higher 
fidelity than local communication was a 
comparatively few years ago. With the 
advance of radio from that of telegraphy 
to that of telephony, it has been possible 
to link all phones in one international 
system. The early courses in vacuum 
tubes and radio were developed in some 
universities in the department of physics 
and in others in electrical engineering. 

The vacuum and gas-filled tubes have 
invaded the power field of electrical engi- 
neering and these new applications are 
rapidly expanding into the fields of cir- 
cuit control and d-c transmission of 
power. The early  carbon-filament 
vacuum incandescent lamp was displaced 
by others using tungsten filaments, at 
first having a vacuum and later by those 
filled with inert gases. These advances. 
were brought about by research in the 
fundamental physical phenomena. Other 
developments along parallel lines have 
produced the numerous electric lamps us- - 
ing electrical discharges in gases and 
vapors at low and medium pressures. 
Further research by physicists in gas laws. 
and electric discharges have laid a back- 
ground for the study of lightning, for the: 
X-ray tube, and for various new sub- 
divisions of the atom, giving rise to new 
products and new technique in both 
physics and engineering. 

The two fields of physics and electrical 
engineering are again becoming more 
closely allied, so that courses may be de- 
veloped by teachers in either department 
and taken by students in both depart- 
ments. At the University of Minnesota, 
courses in acoustics, in electronics, vac- 
uum tubes, and communication, both 
wire and radio, are taught in electrical 
engineering while those in the funda- 
mental gas laws and nuclear physics are 
taught in physics. These courses are 
taken as majors by graduate students 
in either department. 

In the field of mathematics a similar 
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The Co-ordination of Mathematics and 
Physics With Electrical-Engineering 
Subjects 


By WALTER A. CURRY 


FELLOW AIEE 


O DEFENSIVE arguments are re- 
quired to justify the need and desir- 
ability of co-ordination between mathe- 
matics, physics, and electrical-engineering 
subjects; such co-ordination must exist 
to some degree in every electrical-engi- 
neering curriculum and the essential ob- 
jective of this symposium is to create a 
discussion of views and to reveal the 
instrumentalities whereby such co-ordina- 
tion may be and is achieved. 

Fundamentally, the initial objective of 
an engineering program of studies is to 
inculcate in the student an appreciation 
and grasp of that approach to the solu- 
tion of problems which has been desig- 
nated as the scientific method, repre- 
sented by an ordered sequence consisting 
of observation, analysis, generalization, 
and application. 

This method rests squarely upon the 
science of physics, which treats of matter 
and energy, and the science of mathe- 
matics, which sets up the philosophy 
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and techniques whereby the quantitative 
relationships of physical laws and prin- 
ciples may be expressed, investigated, and 
evaluated. The student entering upon 
the course in physics, having previously 
prepared himself in mathematics, is there- 
fore qualified to fuse the two fields in the 
combined relationship which is basic to 
the scientific method. Thus, in the Co- 


_ lumbia program, the student has a year of 


mathematics before entering upon the 
course in general physics, and two years 
of mathematics and one year of physics 
before he reaches his first course in elec- 
trical engineering subjects. 

Training the student, in his physics 
courses, to search for the fundamental 
principles upon which a statement of the 
problem may be formulated, to trans- 
late such statement into its mathe- 
matical equivalent, to solve this equiva- 
lent and to interpret the results so ob- 
tained, represents an invaluable educa- 
tional process. Such training actually 
expresses co-ordination with subsequent 
engineering courses to the highest degree, 
since these courses will utilize the same 
principles in attacking problems presented 
by their subject matter. 

Such co-ordination does not imply that 


co-operation has been experienced as 
with that of physics. In spite of the 
handicap of poorer preparation in mathe- 
matics of students entering our colleges, 
the mathematics departments of the 
universities have been able to prepare 
these students for their undergraduate 
work in calculus. By a co-ordination of 
this work with a greater application of 
mathematics in electrical-engineering 
courses during the junior and senior years, 
the student is now better prepared than 
formerly at the end of his senior year. 
The department of mathematics has also 
co-operated by offering courses in dif- 
ferential equations and advanced calculus, 
in operational analysis, vector analysis, 
functions of complex variables and 
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matrices for graduate students in elec- 
trical engineering and physics to parallel 
new methods of analysis required by these 
students and by industry. Through the 
use of these fundamental methods elec- 
trical engineering has passed from an ex- 
perimental to an exact science. The hope 
for future advances in the field of elec- 
trical engineering still lies in the ap- 
plication of mathematics and physics to 
the solution of new problems and the de- 
sign of new equipment. 


Discussion 


For discussion see page 43. 
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there shall be no overlapping of subject 
matter; a student in the electrical-engi- 
neering subjects may be effectively 
“tuned” to new material if the instructor 
gives a brief résumé of the underlying 
physical laws, in spite of the fact that 
these are known to have been discussed 
in previous courses. This not only re- 
freshes the student’s memory, but re- 
emphasizes the alliance between the new 
applications and the earlier subject mat- 
ter, problems in both of which are amen- 
able to the same scientific method for 
their attack and solution. 

To keep such résumé within reasonable 
limits, however, there must be effective 
co-ordination between the  electrical- 
engineering subjects and physics At 
Columbia, this is provided in part through 
informal and voluntary discussion be- 
tween instructors in the two fields. It is 
accepted as part of their duty, that in- 
structors in physics inform themselves 
specifically as to the knowledge of physics 
assumed in engineering courses by mem- 
bers of the engineering-school staff, and 
conversely, those giving instruction in the 
engineering school are charged with keep- 
ing definitely informed on the instruction 
in general physics. There are available 
in the electrical-engineering department 
detailed specifications of the subjects 
treated in general physics, which vitalized 
by interpretive discussion, provide those 
elements necessary to the efficient collabo- ~ 
ration of the two fields. 

Referring to the student in engineering, 
the objectives of these courses (in general 
physics), recently defined by a faculty 
committee, are as follows: 


1. To give the student knowledge of the 
phenomena of matter and energy, and train- 
ing in how they can be quantitatively 
analyzed and classified by measurement and 
theory, so that he may make use of this 
knowledge and training as a common basis 
of introduction for further study in various 
courses in engineering. 


2. To give the student a knowledge of the 
interrelationships of the different branches 
of physics, and an understanding of the 
development of the science of physics, its 
direction of progress, and the developments 
that have not as yet proceeded to the point 
of engineering application. 


Thus, the desired co-ordination be- 
tween the physics courses and the engi- 
neering subjects which follow is recog- 
nized in the first objective, while the 
second is essential to the broad engineer- 
ing program. It may be noted inci- 
dentally that only about 60 per cent of 
the groups which attend the general 
course in physics are headed for engineer- 
ing; the course is taught as physics and 
is designed for all students who intend to 
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. , 5 “3 , 
4 major in science, including those who will 
A specialize in physics and those who will 
enter engineering. 
The electrical-engineering subjects rely 
_ on the preceding work in physics to estab- 
lish clear concepts and understanding of 
the fundamental laws and relationships 
governing elementary magnetic phenom- 
ena, electrostatics, and the laws of current 
flow in simple d-c circuits. Dimensional 
relationships and systems of units are im- 
portant adjuncts. The subject of light, 
as discussed in the physics course, is 
__ planned to establish a sound basis for the 
subject of illuminating engineering in the 
subsequent electrical-engineering _pro- 
gram, and similarly treatment of sound 
and wave motion, atomic physics, and the 
conduction of electricity through gases, 
form foundation elements for the sub- 
jects of communication and electronics. 
Knowledge of the laws of motion for rotat- 
ing bodies, treated in physics and me- 
chanics, is manifestly essential to the 
proper understanding of generator and 
motor performance discussed in subse- 
quent electrical-engineering courses. 

The co-ordination between electrical- 
engineering subjects and mathematics 
follows along lines similar to those relat- 
ing to the work in physics. The earlier 
mathematics subjects (analytic geometry 
and the calculus) coming throughout the 
first and second years, provide a basic 
training which is essential to all fields of 
engineering. These subjects are given in 
the college and are taken by mixed 
groups, of which possibly 60 per cent are 
planning to enter engineering. The major 
objective of this two-year sequence of 
formal mathematics is the development in 
the student of an appreciation and clear 
understanding of the science which is 
mathematics, coupled with the attain- 
ment of a measure of skill and confidence 
in the application of this science to the 
solution of problems, many of which have 
their framework in the fields of mechanics 
and physics. 

This two-year sequence is followed in 
the third year by a one-semester course in 
engineering mathematics which discusses 
such items as: 


Fourier series, line integrals, ordinary and 
partial differential equations, complex num- 
ber operations, determinants, elliptic inte- 
grals, empirical equations, harmonic analy- 
sis, nomographs, probability, gamma and 
Bessel functions. 


Naturally, with a content of this scope 
projected for a one-semester course, the 
student does not proceed to great depth 
in any one of the above items. The ob- 
jective is rather to acquaint him with 
them, and to give him some indication of 
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their application to practical problems, 
particularly in the field of electrical engi- 
neering. The subject of differential equa- 
tions, however, touched upon in a pre- 
ceding course in the calculus is, in this 
course, carried considerably further, about 


one-half of the time being devoted to this 
item. 


This course was instituted at the re- 
quest of the electrical-engineering depart- 
ment and its objective is “to equip the 
student with the mathematical mecha- 
nism commonly used in all branches of 
engineering, but pointed particularly 
toward electrical engineering.”’ It repre- 
sents a directed effort to advance the 
student from what may be termed the 
“minimum” type of educated man to the 
“superior”’ type, these types being defined 
as follows: 


The “minimum” type knows the important 
physical concepts and is fairly well aware of 
their function in engineering problems, but 
he is not very strong in the mathematical 
management of these physical concepts. 
His strength is intuitional and experimental. 
He may be a valuable man. 


The “superior” type has all that the 
minimum type has, but in addition he has 
learned with his concepts of physics, the 
mathematical formulation of them. This 
man has superior capacities for design and 
research. 


The liaison between mathematics and 
the electrical-engineering subjects is pro- 
vided by an “‘engineering-minded”’ mem- 
ber of the department of mathematics, 
Professor L. P. Siceloff, who conducts 
the course in engineering mathematics, 
and who is the author of the preceding 
definitions. This link is an effective one 
and through it there flows an easy inter- 
change of suggestions and requirements 
which may arise from time to time. 

The sequence in mathematics beginning 
with analytic geometry, continuing 
through calculus, and concluding with 
engineering mathematics, provides the 
necessary skill to enable the student to 
master the mathematical aspects of his 
subsequent work in electrical-engineer- 
ing subjects. 

Furthermore, these courses, jointly 
with those of physics, are directly utilized 
in the fourth year, by a two-semester 
course in electrical-engineering problems, 
the purpose of which is to give the student 
an indelible realization of the intimate 
relationship which exists between elec- 
trical engineering, mathematics, and 
physics. 

The means chosen for accomplishing 
this objective is a series of very carefully 
constructed problems which are so de- 
signed that their solution demands clear 
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analytical procedure, combined with a 
certain degree of resourcefulness and per- 
spicacity, while at the same time the 
student is required to understand and 
explain fully the origin of the underlying 
fundamental ideas and their extension and 
application to the problem at hand. 

In the lectures that accompany this 
course the student has pointed out to 
him the connection between the general 
fundamental idea and the engineering 
applications. The fundamental ideas are 
always expressed in their general mathe- 
matical form, often using mathematics 
not available to the student at the time 
the principle was originally introduced in 
physics. The student learns the applica- 
tion of mathematical processes to engi- 
neering problems and the significance of 
mathematical operations interpreted in 
terms of physical and engineering phe- 
nomena. 

As has been indicated in the foregoing 
discussion of co-ordinating courses, an 
essential factor in such co-ordination re- 
sides in the establishment of close per- 
sonal relationships between the instruc- 
tors of the several departments concerned, 
enriched by a cordial spirit of co-operation 
and motivated by a high idealism in the 
objectives to be sought and attained. 
But co-ordination, once achieved, cannot 
be left to maintain itself. The inevitable 
and necessary revision which the subject 
matter of an engineering or science course 
undergoes as time brings new develop- 
ments and viewpoints in those fields, de- 
mands that such co-ordination be re-ex- 
amined at intervals to insure its continued 
existence. At Columbia, during the past 
several years, this has been accomplished 
through committees, with membership 
representative of the departments in- 
volved, including those of mathematics 
and physics. Such a committee is serv- 
ing at the present time, and it is antict- 
pated that similar committees will be 
appointed from time to time in the 
future. 

In conclusion it may be said that there 
is an essential unity to all knowledge, 
and the student in electrical engineering 
will value and appreciate his early and 
later courses more highly if there is an 
efficient continuity throughout his sched- 
ule of studies. This will be accomplished 
if there exists a planned co-ordination of 
his three major fields, namely mathe- 
matics, physics, and electrical engineer- 
ing. 


Discussion 


For discussion see page 43. 
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Mathematics and Physics in Engineering 


By MICHEL G. MALTI 


MEMBER AIEE 


ANY definitions are given of an en- 
gineer. For the purpose of this 
discussion I would define an engineer as 
a scientist who uses physics and mathe- 
matics to promote the welfare of man- 
kind. His use of physics and mathe- 
matics presupposes a thorough knowledge 
of them and demands that he be capable 
of: 


(a) Reducing his engineering problems to 
fundamental physical facts. 


(b) Expressing the physical facts in mathe- 
matical form. 


(c) Deriving from the mathematical state- 
ment the desired mathematical result. 


(d) Interpreting the mathematical result 
physically. 


These points are so important that they 
justify further elucidation. Let us illus- 
trate them through the familiar problem 
of determining the transient current in a 
series circuit, with resistance and induc- 
tance, which is suddenly subjected to a 
constant electromotive force: 


(a) The physical facts here involved are 
that the applied electromotive force is 
consumed in drops through the resistance 
and inductance. 
(b) The mathematical expression of the 
physical facts is: 


E =r + Ldi/dt 


(c) The derivation of the mathematical 
result consists in solving this differential 
equation and obtaining 


i = (E/R) + Ke-**/4 


(d) The interpretation of this result is that 
the current may be anything depending 
upon K. Hence we resort to the physics 
of the problem and assert that the current 
is zero at the instant t = 0 when the elec- 
tromotive force is impressed. This gives 
K = —E/R and hence the current for 
this particular initial condition is: 


i = (E/R)(1 — €-®*/4) 


I have used this simple illustration to 
show the four processes involved in all en- 
gineering problems. The degree of ease 
or difficulty of one or the other of these 
processes varies with the nature of the 
problem. But each process exists in 


Paper number 38-68, recommended by the AIEE 
committee on education, and presented at the AIEE 
summer convention, Washington, D. C., June 20— 
24, 1938. Manuscript submitted May 2, 1938; 
made available for preprinting May 23, 1938. 


Mice G. Mattt is assistant professor of electrical 
engineering at Cornell University, Ithaca, N. Y. 


38 TRANSACTIONS 


every engineering problem no matter how 
difficult or easy it may be. 

Now it so happens that part c (the ac- 
tual derivation of mathematical results) 
is something that an engineer need not 
master because he can always resort to 
the mathematician for the performance of 
this task. But every engineer should be a 
master of parts a, b, and d because neither 
the physicist nor the mathematician can 
be of assistance to him in this matter. 

I doubt if there exists any disagreement 
among engineers about these statements. 
We also admit that the majority of engi- 
neers lack these essentials otherwise we 
would not be holding this symposium. 
We therefore conclude that something is 
wrong either in our teaching of physics 
and mathematics or in the proper co-or- 
dination of these subjects with engineer- 
ing courses or in both. 

All these are facts which we agree upon. 
What we do disagree upon are the real 
causes of this condition and the remedies 
to be adopted. I do hope that when this 
symposium is ended we shall have at- 
tained a clearer insight into the real 
causes of the trouble and shall have 
adopted a course of action which con- 
stitutes a fundamental and effective 
remedy. 

-I shall now endeavor to give some of the 
causes and suggested remedies as I have 
collected them through talks with educa- 
tors, students, and engineers and through 
personal observation and _ experience. 
This will then be succeeded by a critical 
analysis of them and a suggested solution 
of the problem. 

(a) Incompetence of Mathematics and 
Physics Teachers. Some educators trace 
our woes to the teachers of mathematics 
and physics. They assert that these 
teachers do not understand the point of 
view of the engineer and are, therefore, 
unable to teach him these subjects. Both 
mathematicians and physicists are prone 
to emphasize facts which are essential to 
them but which are utterly useless in 
engineering applications. Furthermore 
physicists and mathematicians do not 
know engineering problems. Hence they 
are not capable of discerning what is and 
what is not essential to engineering. Ob- 
viously the remedy here consists in hav- 
ing mathematics and physics taught to 
engineers by engineers. 

(b) Lack of Co-operation. Another 
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group agrees that the viewpoint of the en- 
gineer should be stressed in both mathe- 
matics and physics courses but are less 
antagonistic to teachers of mathematics 
and physics. They are inclined to take 
a little of the blame upon themselves and 
ascribe the trouble to lack of proper co- 
operation between teachers of engineer- 
ing on the one hand and teachers of 
mathematics and physics on the other. 
Some of the remedies here suggested in- 
clude: 


1. Frequent conferences between faculty 
members with a view of co-ordinating 
efforts. 

2. Actually supplying the departments of 
mathematics and physics with typical en- 
gineering problems which these depart- 
ments could use for illustrative purposes. 


3. Teliing the teachers of mathematics and 
physics what is and what is not essential 
in engineering and requesting that only 
essential facts be stressed in teaching phys- 
ics and mathematics to engineers. 


(c) Lack of Time. A third group 
blames neither the teachers of engineer- 
ing nor the teachers of physics and mathe- 
matics. They assert that competence 
and co-operation exist to as high a degree 
as may be expected. Time or rather the 
lack of it is the cause of our trouble. In- 
deed the engineering curriculum is so 
crowded and the student is so rushed with 
his courses that there exists no time to 
stress the mathematical and physical as- 
pects of engineering. To train an engi- 
neer to correlate physics, mathematics, 
and engineering is truly a time-consuming 
and a very exacting task. Moreover 
since time cannot be conserved through 
the elimination or revision of engineering 
courses there appears three possible reme- 
dies. 


1. Extension of the engineering course to 
more than four years. 


2. Offering graduate courses in colleges to 
men who expect to engage in strictly engi- 
neering work. 


3. Delegating, to industry, the responsi- 
bility of training engineers through ad- 
vanced courses. 


(d) Incompetence of Engineering Teach- 
ers. A very small fourth group is willing 
to shoulder the whole blame and admit 
that, sometimes, the cause of the trouble 
can be traced to the very teachers of en- 
gineering themselves. This group argues 
that there is a golden opportunity for en- 
gineering teachers to correlate mathe- 
matics and physics in their own courses. 
Such teachers should stress the physical 
laws and mathematical relations which 
form the bases of engineering applications 
in order that the student may form a con- 
crete picture of how physics and mathe- 
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matics are used by the engineer. If the 

contention of this group is true, then the 
remedy obviously consists in having, on 
our engineering faculties, men who com- 
bine a good engineering training with a 
thorough and comprehensive knowledge 
of mathematics and physics. Such men 
should, moreover, possess the gift of con- 
veying their thoughts in a logical, clear, 
and comprehensive manner to their stu- 
dents. The task of the engineering 
teachers thus becomes most exacting and 
their selection requires the most careful 
scrutiny of college presidents, deans, and 
department heads. 


It would appear that elements of truth 
exist in the contentions of all four groups. 
Let us, however, examine them a little 
more critically. 

(a) While it is desirable that physicists 
and mathematicians do appreciate the 
engineer’s point of view, such appreciation 
is of precious little help to the freshman 
and sophomore student who has no ink- 
ling of what engineering is! To tell a 
freshman that the laws of gases are used 
in connection with engines, turbines, and 
air-conditioning machines might attract 
his interest. But it means little or noth- 
ing to him because he knows nothing 
about the design or operating charac- 
teristics of such machines. Nor would it 
profit the sophomore much when he is 
advised that Faraday’s law of induction 
is the basis of the design and operation of 
all electric machines because he knows 
little if anything about electric ma- 
chines. It still means less to an immature 
student to be told that a linear differen- 
tial equation of the first order with con- 
stant coefficients represents a series cir- 
cuit with R and L or with R and C be- 
cause such a circuit is just as mysterious 
to him as the differential equation itself. 
Indeed, to an immature freshman and 
sophomore, engineering is more strange 
than the physics and mathematics he 
studies. It would appear, therefore, that 
the time to show the application of phys- 
ics and mathematics to engineering prob- 
lems is not during the freshman and 
sophomore years but during the junior 
and senior years when the student is ac- 
tually engaged in studying engineering. 
It thus becomes incumbent on the teachers 
of engineering rather than those of physics 
and mathematics to demonstrate and 
elucidate the application of these basic 
sciences to engineering problems. 

(b) There is much to be gained from 
conferences between teachers of engineer- 
ing and of the basic sciences provided 
these conferences are well planned and 
well directed and provided that a sincere 
effort is exerted by all to see one another’s 
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point of view. Such conferences should | 


have for their object: 


1. The understanding, by mathematicians 
and physicists, of the processes involved in 
the solution of engineering problems as out- 
lined earlier in this discussion, 


2. The understanding by engineers of the 
processes of analysis which a mathematician 
utilizes in formulating and solving his 
problem and the physicist uses in making 
his discoveries of physical laws and in cor- 
relating physical phenomena. 


To my mind it would be disastrous ‘to 
dictate to a physicist or mathematician 
what he should or should not teach engi- 
neering students or how he should present 
the subject matter. To dictate the con- 
tents of a course would emphasize the 
utilitarian and exclude the interest aspect 
of education. To dictate methods of 
presentation would rob the student of the 
mental enrichment which comes out of 
studying several modes of attack and es- 
tablish in his mind narrow tracks and 
processes of reasoning which might or 
might not prove helpful in attacking his 
future problems. 

(c) The problem of lack of time is a 
serious one and I would welcome the ex- 
tension of the engineering course to more 
than four years provided all educational 
institutions throughout the country agree 
to do so. But I insist that, even in four 
years, engineering colleges can do better 
by their students if they require less sub- 
stitution in formulas, less graph plotting, 
less slide-rule work, and more brain work. 
In fact, even if the engineering course is 
extended to five or six years I would rec- 
ommend that the present mode of run- 
ning some courses, with the idea of con- 
suming the student’s time rather than 
exercising his brain, be abandoned, and 
the courses be so changed that time is 
spent in thinking rather than in slide-rule 
pushing and graph plotting. 

(d) It is obvious that all these recom- 
mendations lead to one effective solution 
—the improvement of engineering facul- 
ties. The remedy lies in having engineer- 
ing teachers who are not only well-trained 
engineers but who are also good mathe- 
maticians and physicists. The time is 
past when a knowledge of algebra and of 
Ohm’s and Faraday’s laws were all the 
tools that an electrical engineer needed. 
The time is gone when an engineer jok- 
ingly remarks that the place of an integral 
sign is on the violin. Such mathematics 
as functions of complex variables, func- 
tions of real variables, theory of sets, 
theory of groups, calculus of variation, 
ordinary and partial differential equa- 
tions, advanced algebra (tensors, etc.), 
and vector analysis are commonly used in 
the solution of engineering problems. As 
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to physics, the electron theory comprising 
conduction of electricity through gases, 
electron .emission, photoelectricity, X- 
rays, etc., and such subjects as quantum 
mechanics, light, heat, and others are just 
as essential to the electrical engineer of 
today as Ohm's law and Faraday’s law 
of electromagnetic induction were to the 
pioneer engineer, Engineering teachers 
should realize these facts and prepare 
themselves to meet present-day demands. 

The following evolutionary process may 
be suggested to improve our present facul- 
ties in the larger universities: 


(a) Have all graduate students in engi- 
neering who are working for a degree of 
doctor of philosophy take mathematics 
and physics as minors, 


(b) Appoint assistants from among these 
graduate students and keep records of their 
scholarship and teaching ability, as well 
as their character and personality. 


(c) Select from among the assistants those 
who show most promise and encourage them 
to specialize along various lines. These 
men, upon receiving their degree of doctor 
of philosophy should be appointed as in- 
structors. 


(d) Make research accomplishments and 
teaching ability necessary (although not 
sufficient) conditions for promotion. 


(e) Have the faculty keep in touch with 
industry in order to follow the developments 
of the time. 


If this policy is adopted by our leading 
educational institutions every first-class 
college would, within a brief period of 
perhaps ten years, have an excellent 
faculty and the problem we are discussing 
in this symposium would become of minor 
importance! 

But I hear the voice of the personnel 
man reminding me that over 80 per cent 
of our graduates finally end in sales offices 
or in executive positions with very little 
possibility of their ever using physics, 
mathematics, or even engineering and 
that the remaining 20 per cent or per- 
haps even 10 per cent who actually do 
engineering work are trained in special 
industrial courses! So why all this fuss 
about knowledge of mathematics and 
physics and their correlation with engi- 
neering subjects? To the personnel man 
and his ilk I say: 

The purpose of all education is mental 
training. College courses are but ve- 
hicles to attain thisend. In these courses 
facts are learned and quickly forgotten. 
What the student retains are the mental 
processes which he unwittingly acquired 
while he pursued these courses. If one’s 
mind is fertile and receptive and his tu- 
tors are alert, enthusiastic, and compe- 
tent, then one’s mentality should be so 
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Courses to Develop Facility in the Use of 
Mathematics and Physics in the Solution 


of Engineering Problems 


By B. R. TEARE, JR. 


MEMBER AIEE 


N RECENT years engineers and 
teachers have recognized’? that many 
graduates lack facility in the use of 
mathematics and physics in the solution 
of engineering problems. Appearing to 
know the principles of science that under- 
lie engineering, the young graduates fre- 
quently cannot apply them correctly in 
new situations. It is evident that the de- 
velopment of the requisite facility depends 
upon first, mastery of the basic sciences 
and second, adequate training in their ap- 
plication. Thus, there is need for two 
different kinds of co-ordination of mathe- 
matics and physics with electrical engi- 
neering: co-ordination of the depart- 
mental teaching activities for most effec- 
tive instruction, and co-ordination of the 
subject matter in the student’s mind for 
most effective use. 

Co-ordination of the first kind may be 
achieved by close co-operation between 
the faculties of the departments con- 
cerned. Various ways of obtaining the 
co-operation are available.*»4 To cite an 
example, there is a committee for this 
purpose at Yale University, composed of 
representatives from the mathematics, 
physics, mechanics, and various engineer- 


Paper number 38-82, recommended by the AIEE 
committee on education, and presented at the AIEE 
summer convention, Washington, D. C., June 20- 
24, 1938. Manuscript submitted May 2, 1938; 
made available for preprinting June 7, 1938. 


B. R. TEARE, JR., is assistant professor of electrical 
engineering at Yale University, New Haven, Conn. 


1. For all numbered references, see list at end of 
paper. 


ing departments. Committee meetings, 
held frequently, provide opportunities for 
the interchange of points of view and for 
suggesting, where desirable, a redistribu- 
tion of the emphasis placed on particular 
topics in the various courses. Although 
the first type of co-ordination is recog- 
nized as essential, it does not remove the 
necessity for the other type. 

The student has been well instructed in 
the basic sciences but too often has not 
received adequate training and practice 
in their co-ordinated use. Such training 
and practice can be given by means of a 
course organized for this purpose. For 
example, the advanced course in engineer- 
ing of the General Electric Company,? 
working with a selected group of gradu- 
ates in industry, has for one of its objec- 
tives the development of facility in the 
application of mathematics and physics 
to the solution of engineering problems, 
and is notably successful in attaining this 
end. It is the purpose in what follows 
to discuss a program to give such training 
to the student before he leaves college. 

For the last six years the electrical engi- 
neering department at Yale has given 
junior and senior courses of three hours 
each comprising a unified two-year pro- 
gram of this type, and also a parallel 
one-year graduate course. The subject 
matter, and manner of conducting the 
courses are selected for the most effective 
co-ordination of the basic sciences with 
electrical engineering. The introduction 
of new topics is subsidiary to the develop- 


developed, when he completes his college 
training, that he can: 


(a) Study independently of teachers. 
(b) Synthesize isolated facts. 

(c) Generalize from fundamentals. 
(d) View facts objectively. 

(e) Visualize things. 

(f) Do original work. 


I know of no mental faculties that are 
more essential to an engineer than the 
above. This holds true whether he be a 
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salesman, a designer, an executive, a 
teacher, or a gang boss. Moreover I 
know of no courses which develop these 
mental faculties more intensively and 
more sharply than mathematics, physics, 
and engineering. 


Discussion 


For discussion see page-43. 
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ment of a thorough understanding of the 
old. 

Since the aim is to develop facility in 
the use of mathematics and physics in 
the solution of engineering problems, 
naturally the chief emphasis is on problem 
solving, both in class discussions and in 
assignments. As far as possible, problems 
are selected which present new situations, 
where the solutions are to be obtained not 
by substitution in handbook formulas 
but by the application of such fundamen- 
tal principles as, for instance, Newton’s 
laws of motion, or Fourier’s law of heat 
conduction. Two examples, representa- 
tive of the more difficult assignments, 
are given for illustration. 


1. It is proposed to support a motor by 
means of an elastic mounting in order to 
reduce vibrations that are transmitted 
through the mounting to the supporting 
foundation. The vibrations originate in 
centrifugal forces due to mechanical un- 
balance, or in pulsating electromagnetic 
forces, and occur at definite frequencies. 
The effectiveness of the mounting is to be 
measured by a quantity called transmis- 
sibility, which for vibrations of a given fre- 
quency is the ratio of the steady-state 
amplitude of the force transmitted to the 
base through an elastic mounting to that 
transmitted through a rigid mounting. 

For an elastic mounting, which has damp- 
ing, and considering only vertical vibra- 
tions, 


(a) Determine the transmissibility in 
terms of frequency and system constants. 


(b) Illustrate the result by sketched 
curves of transmissibility as a function of 
vibration frequency for various values of 
damping. 


(c) Discuss the value of an elastic mount- 
ing which has little damping, if the vibra- 
tion frequency is about half the natural 
frequency of the vertical vibrations of the 
motor on its mounting. 


2. Ina proposed thermocouple ammeter, 
the current to be measured is passed through 
a thin straight metal strip supported be- 
tween two massive terminal blocks. One 
junction of a thermocouple is placed at the 
midpoint of the metal strip, the other junc- 
tion on one terminal block, but electrically 
insulated from it. The thermocouple is con- 
nected to a galvanometer. 


(a) Express the temperature difference 
between junctions in terms of the voltage 
drop between terminal blocks, dimensions, 
and thermal constants. 


(0) What length of heating element will 
give the largest temperature difference be- 
tween junctions for a given power loss? 


(c) What are the disadvantages of this 
type of meter? 


That these problems are of practical 
engineering interest is shown by the fact 
that they were presented in technical 
papers appearing during the last five 
years.°® The students were not given the 
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references until after they had obtained 
- solutions. 

_ In all the assignments, except the rela- 
tively few exercises employed for drill in 
new topics, the student is given an un- 
familiar situation in which simplifying 
assumptions must usually be made in 
order to obtain a solution, and in which 
as far as possible he must select the vari- 
ables with which to work. The required 
physical principles and mathematical 
techniques, however, will have been 
covered in class work and perhaps in 
other assignments. 

Through the duration of the courses 
much emphasis is placed on the orderly 
arrangement of thought processes in the 
solution of problems. The arrangement 
which is applicable to problems of the de- 
ductive type, has been discussed else- 
where! and may be summarized in the 
following steps: 


I. Stating the problem and _ specifying 
the desired result. The student is to use 
his own words and illustrate with sketches 
where possible. 


II. Formulating a plan of solution, which 
includes 

(a) Selecting a principle to be applied; 

(b) Making whatever simplifying assump- 
tions may be necessary; 


(c) Planning the treatment as far as it 
may be foreseen. 


III. Stating in precise English the im- 
plication of the chosen principle in the par- 
ticular problem. 


IV. Translating the statement of III 
into mathematical form which includes 

(a) Specifying notation; 

(b) Selecting co-ordinates; 

(c) Writing III as an equation. 


V. Solving IVc, which usually includes 
. introducing additional relations, and per- 
haps also additional simplifying assump- 
tions. Should a solution of IVc be impos- 
sible, a fresh start applying a new principle 
is to be made. 


VI. Testing the solution 
(a) For dimensional homogeneity; 


(b) With extreme values assigned to vari- 
ables; 


(c) For reasonableness in the light of ex- 
perience; 


(d) For possible effect of the simplifying 
assumptions. 


While this formulation may appear in- 
flexible, it is so only as regards the inclusion 
of all the steps and in order. Many prob- 
lems require the use of more than one 
principle; in other words the desired solu- 
tion can be considered to result from the 
simultaneous application of a number of 
principles. However, this organization 
of thought processes implies that but one 
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is to be chosen to start the solution, and 
there may be some latitude in the choice. 
Moreover, there may be another kind 
of selection to make since some physical 
laws are merely different expressions of 
the same fundamental truth. Any one 
of these may be used in a given case, 
although often a particular one leads to 
a more direct solution. 


The principles which are discussed in 
the courses and used in the solution of 
problems comprise the general funda- 
mental laws of mechanics, heat trans- 
mission, electrostatics, magnetostatics, 
and circuit theory, such as Newton’s laws 
of motion, conservation of energy and of 
momentum, the principle of superposition, 
Fourier’s law of heat conduction, New- 
ton’s law of cooling, Coulomb’s and 
Gauss’s laws for electric and magnetic 
fields, Ampere’s and Kirchoff’s laws, 
Faraday’s electromotive-force law, and 
the constant-linkage theorem, to name 
but a few. The student has encountered 
most of these previously in mechanics and 
physics and indeed can usually state them 
with fair accuracy. He is expected, how- 
ever, to develop such understanding of 
the laws, their range of application, and 
the physical quantities they relate, that 
he can select appropriate ones for the 
solution of a new problem. 


Considerable time is devoted to the re- 
view and use of familiar mathematics 
and to the treatment of more advanced 
techniques, including the solution of 
second-order linear differential equations 
with constant coefficients, elementary 
vector analysis, Fourier series, symmet- 
rical components, and dimensional analy- 
sis. These new topics are introduced in 
the solution of particular problems and 
later generalized. 


The analogous behavior of electric cir- 
cuits, mechanical systems, and heat con- 
duction systems, expressed in exactly 
similar equations, provides a natural uni- 
fication of portions of mathematics and 
physics with engineering, and is of great 
assistance in augmenting the student’s 
understanding. Likewise the broad an- 
alogy among the space fields of electro- 
statics, magnetostatics, gravitation, ther- 
mal and electric conduction, and fluid 
flow described by similar vector equa- 
tions and identical field maps, furnishes 
another natural means of integrating the 
subject matter. A consideration of the 
points of difference between analogous 
systems is as helpful in building up un- 
derstanding as the mention of matters 
of similarity. 

Classes are conducted as seminars, 
where each student contributes to the 
discussion, rather than by formal lec- 
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tures. Supplementary laboratory exer- 
cises are given in the junior year, in which 
the student is required first to solve a 
given problem theoretically and then 
verify his result experimentally. In the 
senior year the work culminates in proj- 
ects, individual development problems 
usually requiring work in the laboratory, 
and short enough so that two or three 
can be completed. Such projects, for 
example, may be the combined theoretical 
and experimental study of dynamic brak- 
ing of d-c machines, or of the performance 
of thyratron inverters. About a quarter 
of the senior course is devoted to this 
kind of activity. 

The relation of these two undergraduate 
courses to the program as a whole has 
been described elsewhere. They are 
required of all the undergraduates in 
electrical engineering, and each course is 
allotted one-fifth of a year’s time. They 
are co-ordinated with each other and 
with the other electrical engineering 
courses to unify the program as a whole. 
At the end of the senior year the student’s 
grasp of the entire technical portion of 
his work in all four years is tested in a 
searching departmental, or comprehen- 
sive, examination. 

In conclusion, the courses to develop 
facility in the use of mathematics and 
physics in engineering problems have 
these essential features: 


(a) Training in an orderly thought proc- 
ess; 


(b) Integration of the student’s knowl- 
edge of the basic sciences; 


(c) Extensive practice in the solution of 
actual engineering problems. 
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Co-ordination of Mathematics and Physics 
With Electrical-Engineering Subjects 


By THEODORE H. MORGAN 


MEMBER AIEE 


Q@N RECENT years all branches of en- 
@ gineering have experienced rapid 
growth and progress. Technological ad- 
vancement has been accompanied by an 
increasing realization of the breadth and 
scope of the profession. College curri- 
cula have been altered and adjusted in 
attempts to meet changing conditions. 
We have been forced to realize that the 
solution of our educational problems is 
not to be found in an increased amount of 
work or in adding further courses to al- 
ready overcrowded curricula, but rather 
in more complete co-ordination and uni- 
fication within the programs themselves. 
Due to the manner in which the engineer- 
ing curricula have been built up through 
the years, new subjects being added from 
time to time as was found necessary, we 
are in danger of thinking of a curriculum 
as being composed of separate blocks, 
i.e., so much mathematics, so much phys- 
ics, chemistry, and so forth. Our prob- 
lem is to break down the well-defined 
boundaries of these blocks so that they 
will be combined to form a unified and 
coherent whole. We might compare the 
curriculum to a painting for which the 
artist carefully chooses a number of colors 
which are not used separately in blocks, 
but are harmoniously blended and inter- 
mingled in a complete picture. 

Let us look at mathematics and phys- 
ics. When taught only as the science of 
order, giving quantitative and magnitu- 
dinal relations of pure numbers, mathe- 
matics loses much of its value to the engi- 
neer. The student should become famil- 
iar with this subject as providing an in- 
dispensable and powerful tool of the pro- 
fession. In teaching mathematics, as the 
beauty and mystery of pure numbers is 
unfolded to his mind, the student should 
learn at the same time the practical value 
of the subject in dealing with physical re- 
lations. This can best be accomplished 
through a high degree of co-ordination 
between the courses in mathematics and 
those dealing with the physical sciences, 
of which the subject of physics is perhaps 
the best example. The co-ordination 
that I have in mind requires close rela- 
tionship between departments. The in- 
structor in mathematics must be thor- 
oughly conversant with the course in 
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physics, and vice versa, so that the work is 
carried forward  simultaneously—the 
mathematician applying the laws of 
physics in his mathematical develop- 
ments at the same time that the. physicist 
is building in the student’s mind an un- 
derstanding of a fundamental law which is 
being given definite form and expression 
in mathematical symbols. The learning 
of general mathematical principles, ma- 
nipulations, and technique, should go hand 
in hand with their use and application. 
The student would thus realize that in 
mathematics he has a powerful and pre- 
cise instrument which can be used with 
perfect exactitude to solve physical 
problems. As this usefulness became 
increasingly evident both mathematics 
and physics would take on new interest 
and importance in his mind. 

The subject of physics by its very na- 
ture covers a greater field than any other 
course in the curriculum. It is the foun- 
dation for all engineering courses, which 
are largely specialties in physics having 
important practical value. It thus be- 
comes essential that the engineering 
student form proper habits of thought in 
such matters. His introduction to prin- 
ciples which are new to him should be 
accomplished in such a way as to appeal 
to his common sense and intuition. In 
contrast to the memorization of stated 
formulas the student should be required 
to perform for himself the much more im- 
portant and difficult task of expressing 
physical laws and facts in mathematical 
terms. Once this is accomplished the 
mathematical developments and manipu- 
lations would follow simply and easily. 
The acquisition of fundamental knowl- 
edge would go hand in hand with the de- 
velopment of scientific analysis, requiring 
deep-seated understanding and proper 
habits of thinking and reasoning, and the 
student would recognize physics and 
mathematics as belonging to fundamental 
science, together forming the foundation 
of engineering. 

Furthermore, the student who elects 
an engineering course has a natural inter- 
est in and zeal for his chosen field of work. 
The proposed plan would capitalize upon 
this enthusiasm by permitting the student 
to start his college course with work which 
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\ 
he would recognize as possessing the es- 


sential properties of engineering, instead _ 


of feeling that he must wait for about two 
years before starting work of this charac- 
ter. Not only would his interest be 
greatly enhanced thereby but aptitudes 
would be discovered at an earlier date. 
Under the present plan a student may 
come to graduation without full apprecia- 
tion of the unity that exists throughout 
all of his work. Relationship between 
courses, while an interesting speculation, 
may never be fully understood. Indi- 
vidual courses are frequently viewed as. 
something which must be passed and 
thus ‘‘gotten out of the way”’ before more. 
advanced work can be undertaken. 


The question might be raised as to 
whether certain important educational 
losses would not be sustained through the 
introduction of such a plan. There is no 
doubt that the study of mathematics and 
physics as pure science can have great 
value to the engineering student. The 
very nature of these subjects gives the 
student a broad philosophy and view- 
point with respect to science which it is 
difficult to develop in engineering courses. 
because of their limitations. These 
values need not be lost but might even 
be increased by proper teaching of the co- 
ordinated work. To accomplish this, 
great care should be taken to insure that 
the student is made to fully appreciate 
the complete unity and the simple beauty- 
that exists in natural law. Co-ordina- 
tion of science subjects would give a bet- 
ter opportunity to develop a more com- 
plete understanding of the underlying 
correlations between the various elements. 
of science. Respect and esteem for the 
unity, beauty, and truth in natural law 
would be enhanced by a fuller and deeper 
appreciation of the interrelationships and ° 
parallelisms which constantly present. 
themselves. 


Considering the co-ordination of mathe- 
matics and physics as the first step, the 
second step in our proposed program 
would be to unify and co-ordinate all. 
electrical-engineering courses themselves. 
These subjects can all be brought to- 
gether into one closely woven whole and 
developed as one broad course from the 
initial elementary work to the time of 
graduation. Laboratory and classroom 
courses should not exist separately, but 
each division of the work should receive 
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investigation in the laboratory at the 
_ same time it is being discussed in the 
classroom. Thus theory and _ practical 
understanding would be developed to- 
gether in a logical manner. Comprehen- 
sive knowledge and understanding would 
thus be obtained as a result of thorough 
investigation from different points of 
view. 

The third and final step required to 
complete our program of unification 
would be the bringing together of the co- 
ordinated work in mathematics and phys- 
ics with similarly organized work in elec- 
trical engineering. The problem here is 
to make the student realize that he has 
not completed a course which can be left 
behind and forgotten, but rather that he 
is going forward into more advanced work 
which is a continuation of what has gone 
before requiring constant use of the prin- 
ciples he has learned. In order to carry 
this out with smoothness and harmony, 
instructors in each department should be 
thoroughly familiar with that portion of 
the work of the other department which 
lies close to the transition point. Even 
with the best co-operative spirit on the 
part of the faculties concerned it will take 
considerable time to plan such a program 
and effectually put it into operation. 
Many difficulties will exist in any institu- 
tion, but no worth-while accomplishment 
in education is easy of attainment. 

At Worcester Polytechnic Institute the 
previously outlined general plan is well 
underway for the electrical-engineering 
curriculum. The order in which the 
separate steps were undertaken has been 
somewhat different from that outlined 
herein. Our initial effort was devoted 
to co-ordinating thoroughly all of the 
undergraduate work given by the electri- 
cal-engineering department. The cur- 
riculum was completely revised four years 
ago in order that this work might go for- 
ward and the present senior class is the 
first to graduate under the new plan. 
There is unanimous agreement on the 
part of the department staff that the re- 
sults show marked improvement in the 
students’ comprehensive knowledge and 
general understanding. 

Our second step is to co-ordinate the 
work of the physics and electrical-engi- 
neering departments. The problem has 
received much discussion and is being 
attacked with a fine spirit. Small 
groups composed of members of both de- 
partments are now working together on 
the many details. It is realized that if 
lasting good is to be accomplished much 
care and attention must be given to every 
step. Inorder to help the student appre- 
ciate the union between physics and elec- 
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trical engineering the staff of the latter 
department will stress the importance of 
work in physics by frequently referring 
back to principles previously covered in 
physics courses, thus emphasizing the 
continuity. Similarly, members of the 
physics department will attempt further 
to awaken student interest by pointing 
out practical applications of the principles 
taught by them. 

The objection may be raised that the 
amount of ground covered in a co-ordi- 
nated curriculum of this nature neces- 
sarily would be less. The answer is that 
the student’s knowledge, understanding, 
and power of analysis would be increased. 
The measure of a college education never 
was, and never should be, the number of 
items covered in the separate courses of 
the curriculum. Many years ago the 
college with which I am associated 
adopted as a motto ‘‘Pauca Fideliter’’—a 
few things faithfully. As we look for- 
ward to greater accomplishment in engi- 
neering education we must break down 
the barriers between the individual sub- 
jects so that the unity which exists so 
abundantly in nature shall permeate the 
separate parts and consolidate them into 
one complete whole. 


Discussion 


Royal W. Sorensen (California Institute of 
Technology, Pasadena): This symposium 
comprising the several papers has, indeed, 
been interesting and very instructive. It 
is so complete as to leave little that may be 
said in the way of conclusions; for, after 
all, all of us assembled here are not only 
engineers, but are professional teachers. 
We have, or should have, attained this pro- 
fessional standing by virtue of being men 
who can discern and devise our own ways 
of finding and overcoming students’ im- 
pedimenta to learning. I don’t agree with 
the ideas which some have presented, that 
the best teaching is always the one which 
makes learning easy. In fact the lifetime 
work of an engineer is that of doing new 
things. Invariably starting friction is 
greater than running friction. A future 
engineer should, therefore, while he is a 
student, learn to avoid being dismayed by 
heavy starting friction: that is he should, 
at least a part of the time, have the stimulus 
of unraveling problems in his own way even 
though that may be a very difficult one. 
Naturally as a teacher I try my best to 
present subject matter in such a way as to 
be readily understood; but I am not overly 
exercised if the students find the explana- 
tions difficult to understand. Will not 
these men, as they go out into practice after 
graduation, often be placed in the position 
of having to take instruction from men 
difficult to understand? And is it not a 
part of their business as students to learn 
how to interpret difficult and sometimes 
befogged instructions? 

Reference has been made to poor in- 
struction in high schools in science and 
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mathematics. I am of the opinion that the 
present high-school graduates. who enter 
our engineering schools with good entrance 
requirements, are today better prepared 
in science and mathematics than was the 
case a score of years back. Are we not 
prone to judge preparation by what we 
require rather than by actual standards 
of today as compared to those which pre- 
vailed a generation ago? 

The California Institute of Technology 
has for several years recognized the ex- 
panding scope of engineering and has in- 
cluded a large amount of humanities in its 
courses, This fact combined with the ex- 
panding field of engineering technique has 
made it seem wise to grant for four years 
work the degree of bachelor of science in 
engineering, rather than specifying a par- 
ticular branch of engineering. At the 
present time, by doing an additional year of 
work, our students may obtain the degree, 
master of science in some special branch of 
engineering, such as electrical, mechanical, 
or civil. Our meteorology and aeronautics 
departments, however, have deviated from 
this plan, and at the end of the fifth year 
are granting the degree, bachelor of science 
in aeronautical engineering or in meteor- 
ology as the case may be. My years of 
teaching experience have led me to look 
upon the four-year engineering courses as 
dual-purpose courses—the major purpose, 
perhaps, being that of a general education 
rather than a professional education, the 
professional education to be obtained by 
added years. With this thought in mind 
I do not advocate extending what may be 
known as the regular engineering courses 
to five-year or six-year courses, but I 
rather think it better to have our present 
terminal, four-year courses and add thereto 
such work as seems desirable for engineering 
preparation. Undoubtedly this means that 
an increasing number of men will spend at 
least five and preferably more than five 
years in college work in preparation for an 
engineering career. Such a program may 
introduce a dangerous situation if we en- 
courage men to go on beyond the fifth 
year for a doctorate degree and use for 
courses leading to the doctorate degree, 
simply additional technical work of the type 
which has been given in our undergraduate 
courses. Men selected and encouraged to 
go on for doctorate degree courses should 
be limited to men who have outstanding 
analytical ability and who can without 
difficulty master advanced courses in 
mathematics and physics. In fact a large 
part of the graduate work leading to a 
doctorate degree for engineers should, in 
my opinion, be work done under the in- 
struction of our ablest mathematicians and 
physicists. 

My own experience with younger teach- 
ers, in fact even with men pursuing graduate 
work, used as teachers, has been most 
excellent. By carefully selecting the men 
who are to do the teaching and introducing 
them to the work first through laboratory 
courses and then in the classroom, we find 
the results equal to and frequently better 
than the results sometimes obtained by 
older teachers. This is no doubt due to the 
great enthusiasm of the young men who 
wish to try teaching, coupled with their 
recent contact as young undergraduates 
with the problems as they appear to the 
undergraduate. 
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Returning to the undergraduate courses, 
I question very much the advisability of 
including in the first four years of work, 
courses in transients, long transmission 
lines, and higher mathematics courses, 
because I think, for the large group of 
students, the first four years of work can 
best be spent in acquiring training in the 
simple fundamentals of science and engi- 
neering plus a considerable amount of 
general cultural education including such 
subjects as English, public speaking, his- 
tory, economics, geology, etc. This thought, 
I suspect, agrees with Professor Malti, 
who suggests that we have all graduate 
students working for a doctorate degree 
take mathematics and physics as minors. 
With this I agree, except that the minor 
should comprise a large part of the gradu- 
ate students’ course work. Professor Malti 
seems to recommend the appointment of 
men who have just received their doctorate 
degrees as instructors. I think it would be 
much better to have such men enter indus- 
try for several years before being selected 
asinstructors. Malti’s comments regarding 
ability to do research as a prerequisite to 
teach, and regarding having the faculty 
keep in touch with industry are pertinent. 


E. M. Strong (Cornell University, Ithaca, 
N. Y.): For something over ten years I 
have met nearly all of the students in 
engineering at Cornell as they come fresh 
from mathematics and physics to begin 
their study of electrical fundamentals in 
the sophomore or junior years. The place 
and nature of mathematics and physics 
in the engineering curriculum continuously 
interests me and I am appreciative of the 
cross section of current thought provided 
by this symposium. 

I do not believe that we need here to sell 
the idea that mathematics and physics 
have in the electrical curriculum a place 
which is both important and steadily 
growing. Anyone really interested in the 
symposium is alive enough to be well aware 
of this. What he wants to know is “How 
can the faculty and curriculum best func- 
tion to accomplish the admitted objec- 
tive?” 

I am surprised that no one has mentioned 
the economic factor in the situation because 
with few exceptions it is a most potent 
element in the whole program. Possibly 
there is something in the local atmosphere 
here which taboos recognition of economic 
restrictions. There are several angles to 
the economic problem. Let me mention 
two of outstanding importance: 


1. The use of instructorships to subsidize 


graduate study and research. 


2. Insufficient supervised computation. 


In physics and mathematics particularly 
we find too many young men holding in- 
structorships who have no interest in 
teaching except as it alleviates the im- 
mediate financial stress during their gradu- 
ate study. Sometimes they seriously lack 
essential qualifications for teaching and 
especially for the teaching of the less mature 
student in the freshman and sophomore 
years who consequently functions as the 
“guinea pig’ or the “goat” for these 
“instructors.” Students during these years, 
more than at any time later, need the best 
teaching talent on the faculty. However 
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good the curriculum and however good the 
administration it can produce results only 
in so far as the personnel which ultimately 
and directly contacts the student is compe- 
tent not only in technical knowledge but 
also in ability to impart that knowledge 
and to inspire enthusiasm in the student. 
No man can do this except that he be genu- 
inely interested in the student—he cannot 
do it if his mind is filled with graduate study 
or research to the exclusion of all else in the 
mad scramble for a degree by June 1. 

The problem is largely an economic one 
for faculty and graduate student alike. 
I have no solution to offer. 

Returning now to item number 2 (in- 
sufficient supervised computation). Engi- 
neering faculties are confronted with an 
increasing difficulty in obtaining from the 
public schools of the country any depend- 
able foundation in mathematics—let alone 
physics or chemistry or habits of study and 
conduct. In college the departments of 
mathematics and physics lack facilities for 
building up the student in these deficiencies. 
One of the most successful methods em- 
ployed in engineering instruction is the 
computing period which provides for the 
student a time and place to develop what we 
call engineering habits in the approach to 
problems and their solution—not only 
time and place but the sympathetic super- 
vision which makes for more efficient work 
in the earlier years, in particular, than can 
be found in home study alone. 

The problem is primarily an economic one 
to provide the required facilities of staff 
and room. 

There is one other phase of the general 
problem about which I am moved to com- 
ment. Jam fully in sympathy with any of 
the true co-operative movements which 
some of the authors have outlined for us. 
However, there are two kinds of ‘“‘co- 
operation.” One of these is not found 
defined under the word itself in Webster 
but is formally defined under ‘‘coercion.’’ 
Engineering says to physics: “Your work 
isn’t giving our students the foundation we 
need—will you co-operate in a revision?” 
“Yes, of course we’ll co-operate.” ‘Well, 
here’s what we want—so and so and thus.” 
“But I can’t teach that, it doesn’t do 
justice to physics.” ‘‘Well, if you don’t 
want to co-operate, we’ll give it ourselves.” 
Whether this work is then taught in engi- 
neering or in physics the result is deplor- 
able. 

Engineering does not go to English and 
dictate that only technical and scientific 
English be taught—nor to history for ex- 
clusively technical or scientific history, 
For the most part it hasn’t had the face 
to go to language and insist on technical 
German or French, exclusively, If and 
when engineering in a university cannot 
co-operate with the rest of the university 
it might as well set up by itself as a technical 
school because any university affiliation is 
then not only unprofitable but possibly 
detrimental to its functioning. 

I quite agree with Doctor Malti that 
these university departments of mathe- 
matics and physics must not be “bull- 
dozed” into teaching their work according 
to rigorous engineering specifications. Let 
them have something of a cultural as well 
as the strict utilitarian purposes. Let 
them be supplemented or complemented 
by work in engineering, possibly concurrent 
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in part, which will supply the point of view 
and the missing factors which no mathe- 
matician or physicist can be expected to 
provide in good faith with his own profes- 
sion. 

Again the question is an economic one 
—can it be done without increase in facili- 
ties?—can it be done in a four-year pro- 
gram? 


M. L. Manning (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The paper by M. G. Malti is well written 
and offers among other things valuable 
suggestions for a proposed program of 
engineering teacher training. 

I should like to contribute to this plan 
of engineering teacher training from the 
standpoint of the practicing engineer. 

For selected teachers of engineering not 
only graduate work equivalent to a master 
of science degree, or better, with minors in 
mathematics and physics would be desir- 
able but also following this work with at 
least a three- to four-year program of 
practical experience in industry leading to 
a doctor of philosophy degree. Since engi- 
neering is about three-fourths common 
sense a practical basis is necessary. This 
experience should be in design work fol- 
lowed by research and development prob- 
lems. In this way a not-too-theoretical 
frame of mind is formulated but attention 
is also focused on the economics of the 
problem. The lack of this training is 
often so noticeable when former teachers of 
engineering enter into practical work. In 
setting up a problem the mathematical or 
physical beauty so engrosses the thought 
that all sight is lost of the practical side or 
how the results are to be obtained in the 
laboratory. s 

For an example, let us consider the re- 
sponse of a three-mesh transformer network 
to an impressed impulse voltage wave. 
Two thoughts are uppermost in the trans- 
former design engineer’s mind; namely, 
the initial and final or steady-state solutions. 
In the intricacy of the solution, it is easy 
to overlook these two important practical 
considerations. Because of the oversight 
results are sometimes expressed which lead 
to incorrect conclusions. 

If the teacher were trained to recognize 
such important facts by experiencing them 
in industry, by actually designing and fol- 
lowing the manufacture of electrical ma- 
chinery, by obtaining a knowledge of the 
dollars and cents part of the picture, and 
by noting the attitude of industry toward 
these problems and toward educational 
work as a whole, a decided improvement 
in the quality and relationship to industry 
of teaching would be noted. An attempt 
should, of course, be made to make the 
equalization balanced; that is, not to lose 
sight of the educational as well as the 
industrial processes simultaneously, 

It might be argued that such a program 
is difficult to fulfill, but it seems to the 
writer a staggered plan could be formulated. 
Due to the uneven keel of industry at times 
the absorption of this teacher training by 
industry would vary but over a period of 
time a program could be devised. 

For an example, let us consider the gradu- 
ate program of the Westinghouse Electric 
and Manufacturing Company as a sug- 
gested training course. The work is co- 
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Py, 
ordinated at all plants. This means a 
student or engineer at the South Philadel- 
-phia works may receive graduate credit for 
a subject if he is transferred to the East 
Pittsburgh works, or to the Sharon works, 
etc. During the past year over 1,500 
engineers and students participated in this 
plan and about 600 received graduate 
credit under the University of Pittsburgh— 
Westinghouse arrangement. A compre- 
hensive program was also organized in the 
transformer division, the Sharon works. 
The average attendance for the courses was 
92 per cent. The subjects included ‘dif- 
ferential equations for electrical engineers,” 
“symmetrical components’ and a well- 
i organized transformer course. This latter 
_ course consisted of 31 sessions followed by 
_ comprehensive examinations. The classes 
_ were conducted by members of the trans- 
former engineering department who were 
_ specialists on the particular topics studied. 
These topics were from one to five sessions 
in length. The course content follows: 


1. Fundamentals (five*). The general differen- 
tial equations, transformer vector diagrams, 
physics of the transformer, etc. 


2. Practical distribution transformer design prob- 
lems (two). 


3. Fundamental considerations of reactance and 
stray losses (two). 


4. Iron losses (two). 

5. Magnetic forces (one). 

6. Magnetic noise (one). 

7. Radio interference (one). 

8. Insulation (two). 

9. Heating and cooling of transformers (two). 
10. Condenser bushings (two). 

11. Tap changers (two). 

12. Inertaire equipment and oil filters (one). 

13. Instrument transformers (one). 

14. Distribution transformers (one). 

15. Power transformers (one). 

16. Constant-current regulators (one). 

17. Preventive autos—series transformers (one). 
18. Three-winding transformers (one). 

19. Current-limiting reactors (one). 

20. A-c welding transformers (one). 


This course is mentioned only to suggest 
how other courses in electrical apparatus 
might be outlined for a program of engi- 
neering teacher training. 

The method of presenting engineering 
problems as proposed in the paper by 
B. R. Teare, Jr., is commendable. The 
fact must not be overlooked that self- 
education at least in part is the only prac- 
ticable way in which most students can 
acquire higher mathematics and physics. 
Most students fail to grasp the concept of 
expressing physical relations in mathe- 
matical form. The technical student often 
finds, upon entering a class in engineering, 
that he has to deal with mathematics under 
a new form. The particular engineering 
subject he is studying must be translated 
into mathematical terms and this causes 
difficulty. The sense of perspective is often 
lacking. This can be developed as the 
student becomes more mature provided he 
makes actual use of mathematics. 

Skill in the use of mathmatics is the 
really essential thing. Use of arithmetic 
with algebra, perhaps, or a simple diagram 
often leads to more satisfactory results 
than others secured through elaborate 
processes involving lengthy equations and 
complicated operations. In the latter, 
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errors are apt to occur, and the common- 
sense part of the problem is likely to be 
overlooked. Assumptions may be made to 
facilitate calculations which are physically 
unwarranted, as one loses sight of the 
physical problems in the intricacy of the 
mathematical solution, Abstract mathe- 
matical studies, if pursued as a kind of 
intellectual exercise, may produce a pure 
mathematician, but these studies may unfit 
a man for practical engineering. A tool 
expert is not necessarily a successful manu- 
facturer, nor is a mathematician necessarily 
an engineer. 

Mathematics is used in engineering to 
express the quantitative relations of natural 
phenomena. The mathematician delights 
inthe relations. He may divorce them from 
the phenomena and give them abstract 
expression. The engineer is concerned 
with the natural phenomena and demands 
the physical conception. The medium of 
expressing these relations is of secondary 
consequence. 

In summarizing, the engineer is concerned 
with applied mathematics. The ability 
to state a problem, to recognize the ele- 
ments which enter into it; to see the whole 
problem without overlooking some impor- 
tant factor; to use good judgement as to 
the reliability or accuracy of the data or 
measurements which are involved and the 
ability to interpret the result; to recognize 
its physical significance; to get a common- 
sense perspective of its meaning and the 
consequences which may follow; to note 
the bearing of the various data on the final 
result, such abilities as these are of higher 
order than the ability to take a stated prob- 
lem and work out the answer. It is this sort 
of judgment and insight which makes 
mathematics useful. 

We should emphasize not the subject 
matter nor the students but the method of 
teaching. Aside from the imparting of 
knowledge and technical ability, the teach- 
ing of the use of mathematics and physics in 
engineering problems gives opportunity for 
training in the use of logical methods, and 
in the drawing of intelligent conclusions 
from unorganized data which will make 
eficient men, whether they follow pure 
engineering or semitechnical, or business 
pursuits. Such teaching does not come 
from the textbook, it comes from the 
teacher. He must be in sympathy with 
engineering work and have a just apprecia- 
tion of its problems and its methods. He 
must be imbued with the spirit and the 
ideals of the engineer. 


M. S. Coover (Iowa State College, Ames): 
Professor Curry has presented an admirable 
discussion on the means of co-ordinating the 
three major component parts of training for 
engineers and more particularly electrical 
engineers. His paper reads very much as I 
would hope that mine might read if I were 
called upon to expand the objectives as 
they have been written just recently for the 
curriculum in electrical engineering at the 
Iowa State College. 

The problem that concerns me most is 
the crowding that seems to be so necessary 
in order to stay within a normal four-year 
program. The subject matter of a majority 
of courses is assigned to the student in 
such rapid sequence that even the better- 
than-average student finds it difficult to 
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make a really satisfying useful assimilation 
either from his own viewpoint or that of his 
instructor. This problem may not be so 
serious for these institutions who have the 
opportunity to hand pick their students, 
but it is a problem the solution of which is 
not so easy for publicly supported institu- 
tions. 

At the college which I represent there is 
a growing tendency on the part of the truly 
conscientious student to realize the value 
of the best training that he can get if he is 
to reach a satisfying place in this highly 
competitive social and scientific age. Ac- 
cordingly, we find more engineering students 
taking advantage of our summer school 
offerings in order to lighten the number of 
credit hours during the winter months, 
thereby making available more time for the 
remaining courses. By this process he is 
spreading his training and mental efforts 
over the equivalent of five academic years 
within the space of four calendar years. 

If we as teachers are intending to give to 
the student the best that it is possible to 
give him we should not only make every 
effort closely to co-ordinate our own work 
within a given department but as Curry 
points out, maintain a closer personal rela- 
tionship among the several departments 
concerned. 

Malti has done a good job of stating the 
processes involved in the handling of engi- 
neering problems from the purely technical 
viewpoint. 

He makes the statement that something 
seems to be wrong either in our teaching of 
mathematics and physics to engineers or in 
the proper co-ordination of these subjects 
with engineering courses or both. What 
serious-minded student, teacher, or engi- 
neer has not entertained similar thoughts 
from time to time? 

No doubt some of the reasons for these 
undesirable situations are present in various 
degrees in most educational institutions. 
Some of the remedies which Malti suggests 
are good. Physicists and mathematicians 
cannot help but improve their teaching of 
engineering students if they will take a 
closer interest in engineering and engineers. 
Since mathematics and physics combine to 
form the foundation upon which the engi- 
neering educational structure is to be 
built, co-operation among those concerned 
is essential if the structure is to be useful. 

The desirability of competent teachers 
with an adequate education cannot be 
disputed. However, a man with an armful 
of degrees is not necessarily the best 
teacher. The individual is more likely to 
be a good teacher if he has had a reasonable 
amount of responsible commercial or indus- 
trial seasoning. If he has demonstrated his 
ability, he is more likely to know his sub- 
ject better, to appreciate its ‘significance, 
and therefore, more likely to be enthusiastic 
and inspiring, thus developing and stimulat- 
ing the student’s intellectual curiosity. 
Simply to specify a certain type of academic 
training for the teacher in order to qualify 
for an appointment is most likely to lead to 
what has been cited as one of the prevalent 
ills. If, for the sake of argument, it is 
granted that we do not now have good 
engineering teachers, how can the present 
teachers educate better ones along the lines 
suggested? 

On the matter of co-operation between 
and among the departments of physics, 
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mathematics, and electrical engineering, I 
venture with apologies to cite what we are 
doing at the Iowa State College for the 
reason that I am not familiar with what is 
being done along the same line at other 
institutions, but in so far as I am informed it 
is with but one exception practical only at 
those institutions where say the departments 
of physics and electrical engineering are 
under one and the same headship. At 
the Iowa State College, each of the three 
departments under discussion is adminis- 
tered separately. The instructor in the 
mathematics department who is assigned 
to the instruction of electrical-engineering 
students in differential equations teaches 
one section of junior electrical-engineering 
students in a-c circuits in the electrical- 
engineering department; exchanging with 
one of our own staff members who teaches 
one section of differential equations to 
engineering students in the mathematics 
department. It goes without saying that 
close co-ordination thus becomes a requisite. 
A similar arrangement is practiced between 
the departments of physics and mathematics 
and is being developed between the de- 
partments of physics and electrical engineer- 
ing, thus closing the triangle. 

On another point, I believe that physics 
and mathematics are chosen almost in- 
variably as minors for work leading to the 
degree of doctor of philosophy with a 
major in engineering. 


Albert A. Nims (Newark College of Engi- 
neering, Newark, N. J.): The co-ordina- 
tion about which we are talking is well 
illustrated by the papers themselves. Pro- 
fessor Bryant refers to the lack of co- 
ordination in his student days among the 
terms and methods used to explain the 
quantitative relationships in electric cir- 
cuits, and the performance of the different 
varieties of electrical machines. The pres- 
ent situation is reflected by Professor Curry, 
who refers to “‘training the student. . . . to 
search for the fundamental principles upon 
which a statement of the problem may be 
formulated... . since subsequent engineering 
courses will utilize the same principles.” 
It might well be said that the same search 
should be constantly in the mind of every 
teacher who wishes to increase his profes- 
sional effectiveness. 

One of the most promising ways of in- 
creasing the efficiency of our teaching 
methods is so to organize our subject matter 
that the number of new concepts to be 
mastered is a minimum, and the usefulness 
and applicability of each is a maximum. 
Some indication that this search for common 
denominators is making progress is found 
in Professor Teare’s references to ‘the 
analogous behavior of electric circuits, 
mechanical systems, and heat conduction 
systems, expressed in exactly similar equa- 
tions,’”’ and “‘to the broad analogy between 
the space fields of electrostatics, magneto- 
statics, gravitation, thermal and electric 
conduction, and fluid flow, described by 
similar vector equations and identical field 
maps.” 

Not too much can be expected of this ideal 
simplification, however. Professor Strong 
has referred to the practical considerations 
which intrude themselves into every theo- 
retical plan, no matter how ideal, and has 
mentioned the economic factor. Professors 
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Bryant and Coover have referred to the 
time factor which creates a continual pres- 
sure for increased efficiency in presentation 
of subject matter. Another practical con- 
sideration is the mind of the student himself, 
which sets a practical limit to the process 
of searching for common denominators. 

Highly generalized statements are of 
little use as an initial approach to the 
phenomena of electrical engineering. The 
increments of knowledge by which a new 
subject is mastered are limited in size. 
The assimilable increments vary in size 
with each individual, but, with our mass 
production methods, some working average 
must be used. Teaching efficiency is likely 
to be a maximum when the number of 
fundamental concepts is such that each can 
be acquired in the minimum number of 
practical steps, and each will be of the 
widest use after it has been mastered. 

Professor Morgan has pointed out that 
instruction is more efficient when ‘“‘labora- 
tory and classroom courses do not exist 
separately; each division of the work should 
receive investigation in the laboratory at 
the same time that it is being discussed in 
the class room.’ Professor Strong has 
referred to the effectiveness of computa- 
tion exercises for driving home fundamental 
relationships in the minds of the students. 
Computation might well be made a third 
approach, co-ordinate with classroom dis- 
cussion and laboratory exercises. ‘‘Slide- 
rule pushing” and ‘‘graph plotting,’’ when 
properly organized and motivated, can be 
potent tools with which the student can 
reveal to himself relationships that other- 
wise he might not grasp. One of the com- 
ments most frequently made about the 
course in winding specification and per- 
formance computation offered at the New- 
ark College of Engineering under the name 
of electric machine design is to the effect 
that “‘you certainly know what goes on 
inside a generator after you have figured 
out one of those designs.”’ 

Computation is a kind of laboratory work 
that requires very inexpensive equipment. 
In fact, it is about the only kind of labora- 
tory exercise one can have in a mathematics 
course. At the Newark College of Engi- 
neering at least one computation exercise 
per week is scheduled in the second-year 
calculus course. The project method, based 
almost entirely on computation, is the 
procedure adopted for studies of networks, 
and of transient phenomena in the junior 
year. 

The one-semester course in transients is 
the outgrowth of a brief theoretical dis- 
cussion given in preparation for some labora- 
tory exercises. It naturally involves con- 
siderable work with differential equations of 
a few varieties. The interest aroused by 
this course, together with that generated 
by the discussion of tensor analysis in the 
technical press, has resulted in the schedul- 
ing of two optional after-hour courses for 
the juniors. One deals with differential 
equations for one semester, and the other 
with vector analysis for an equal length of 
time. The optional and after-hour features 
operate automatically to select the abler 
students. The courses are conducted by 
the head of the mathematics department 
who makes no claim to being an engineer. 
The method of presentation involves a 
minimum of manipulative theory and a 
maximum of applications, such as engineers 
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are constantly meeting. The results of 
these courses seem to be twofold: an in- 
crease of mathematical interest and under- 
standing on the part of the students who 
take them, and an increase of engineering © 
interest and understanding on the part of the 
teacher. 


Wm. A. Del Mar (Habirshaw Cable and 
Wire Corporation, Yonkers, N. Y.): Speak- 
ing as an engineer to an assembly composed 
chiefly of teachers, I can pay my compli- 
ments to the teachers of mathematics and 
say that they have not sinned so much as 
been sinned against in being forced to 
expend their energies on refractory material. 

It is quite possible that a genius of a 
teacher may be able to make a mathema- 
tician of almost anyone, given ample time 
to work with him, but in college education 
we are concerned with mass production and 
a time must assuredly be reached when the 
teacher realizes that certain students are 
by nature mathematically inept, as far as 
mass education is concerned. Such men 
should not be forced to drag their classes 
and develop inferiority complexes by being 
either flunked or allowed to proceed with 
nothing but a memorized knowledge of 
data and standard processes. 

It should not be difficult to deflect into 
other activities men whose minds run 
against a blank wall in trying to express 
physical probiems in mathematical terms. 

Is it not the failure to do this that gave 
rise to the need of this symposium? 


W. A. Curry: Discussion has added a 
number of valuable suggestions and view- 
points on this matter of co-ordination and 
confirms the importance and interest which 
this problem holds for all who are concerned 
with electrical-engineering curricula. It 
would appear that we may attempt to 
achieve this objective in a variety of ways, 
and this diversity indicates that there is no 
single, royal road to its realization. Only 
by continued vigilance can an effective 
co-ordination be attained and maintained 
through the changing years. 


M. G. Maiti: I should like very much to 
endorse Sorensen’s ideas regarding contact 
with industry. I have had the good fortune 
of being a consultant for a manufacturing 
concern over a period of several years and 
the pleasure and stimulus which this contact 
with industry has given me have been re- 
flected both in my teaching and writings. 
Every trip I made to the plant and every 
summer I spent in it have given me more 
insight into the practical applications of 
my specialty which I have conveyed to my 
students. It is extremely desirable, there- 
fore, that graduate students keep in constant 
touch with industry either through consulta- 
tion or through regular employment. 
Whether such men would return to teach 
as instructors after they have been in in- 
dustry, for some time, is questionable. 

Strong’s stress on the economic problem 
is misplaced. The fact that a graduate 
student takes an assistantship to enable 
him to do graduate work does not neces- 
sarily imply that he makes a poor teacher, 
Nor is it true that a researcher is invariably 
absorbed by his research to the exclusion of 
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everything else. I agree that instances 
do occur where a graduate student has 
turned out to be a poor teacher. This, 
however, is a fault of the individual con- 
cerned rather than of the system of using 
graduate students as assistants. As to 
computations, I am positively in favor of 
them and have used them in connection with 
my courses. But I attempt to make my 
computation not “slide-rule” or “formula- 
substitution”? problems but rather problems 
; which stimulate thought. Computing 
periods should, in my opinion, be periods 
in which the habit of straight thinking is 
required under competent supervision. 
Nims seems to favor ‘‘slide-rule pushing” 
_and “graph plotting” as showing the student 
“relationships which he otherwise might not 
grasp.” Iam sure the ‘graphs’ themselves 
do reveal such relationships but I question 
whether the actual plotting of these graphs 
does! In order to illustrate what I mean 
let us assume that one laboratory course is 
run by two different instructors as follows: 


Instructor A requires his students to run 
the equipment, take data, and when the ex- 
periment is over gives his instructions as 
follows: 


(a) Compute only one point on each curve or 
perhaps only one curve, thus reducing slide-rule 
pushing to a minimum. 


(6) Blue prints of all curves are given to each 
student. You do not have to plot any curves but! 


(c) Give a complete and adequate discussion of 
the why, how, wherefore, of all the results that the 
curves reveal, 


(d) Answer the following pertinent questions 
(which require thinking) regarding the results of 
your experiment. 


This is the instructor who does not care 
to have his student waste time on curve 
plotting and slide-rule pushing. He would 
rather have them use their time in forming 
correct habits of thought. 


Instructor B requires his students to run 
the equipment, take data, and when the ex- 
periment is over gives his instructions as 
follows: 


(a) Compute all points on each curve (maximum 
slide-rule pushing). 
(b) Make neat plots of all curves using india ink 


(maximum curve plotting). 


(c) Discuss curves (by this he generally means say 
that this curve runs this way and that curve runs 
that way, which of course is obvious from the curve 
itself). 


This is the instructor who requires 
“curve plotting’ and ‘‘slide-rule pushing”’ 
and is the preponderant type in our engi- 
neering colleges. 

Now I ask who turns out better engineers, 
instructor A or instructor B? 

Del Mar puts his finger on the right spot 
when he states that our present plight is 
due to mass education in engineering. Now 
it so happens that other professions have 
solved this problem of mass education by 
limiting enrollment. This is true of the 
medical, dental, and legal professions. 
Engineering as a profession has, so far, not 
seen fit to take this step which, in my 
opinion, is the only solution to the problem. 

Coover raises the question of how the 
present teachers can educate better ones 
if they are not so good themselves. My 
answer is that Coover begs the question. 
I neither did condemn nor even had the 
jntention of condemning al] engineering 
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Self-Excitation of Induction Motors 


By C. F. WAGNER 
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Synopsis: It has been known for some 
time that an induction machine whose rotor 
is driven mechanically may become self- 
excited if capacitors are connected across 
its terminals. The present paper is con- 
cerned with the predetermination of the 
machine characteristics when operating 
under such conditions. The frequency of 
excitation is very close to the synchronous 
frequency corresponding to the speed of 
the rotor. The voltage to which the ma- 
chine will excite is dependent upon its no- 
load excitation characteristics at that fre- 
quency, the criterion to be satisfied being 
that the lagging volt-amperes of excitation 
equal the leading volt-amperes of the 
capacitors. 

Under load, similar criteria must be satis- 
fied. Voltage conditions are determined 
by a cut-and-try solution such that the 
summation of reactive volt-amperes equals 
zero. The slip is then obtained from the 
relation that the summation of the real 
power equals zero. These relations have 
been applied to various types of loads, such 
as pure resistance and inductive resistance, 
single-phase and three-phase and also to 
induction-motor load. Excellent checks 
between test and calculated results have 
been obtained. 


HE general impression appears to exist 

that for an induction machine to oper- 
ate either as a motor or as a generator a 
source of alternating potential is always 
necessary in order to supply the excita- 
tion requirements. Such is not the case, 
for under certain conditions, an induction 
machine may supply power as a generator 
without a source of alternating potential, 
the magnetizing current being supplied by 
static capacitors. It is the purpose of 
this paper to discuss the circumstances 
under which such operation becomes pos- 
sible. 

The fact that such operation is possible 
has been known for some time, but very 
little has been written upon the subject 
until recently. The reason for this pau- 
city of papers and articles lies in the rela- 
tively minor practical importance of the 


teachers. Thank God there are high-grade 
teachers scattered throughout this land. 
It is these who would and could educate 
better ones along the lines suggested. 
Manning and I are in full agreement. 
The value of co-operation between industry 
and the universities is unquestionable. 
They both have something to offer to each 
other and a mutual exchange is extremely 
desirable. I should like to see a plan 
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subject. However, the increased use 
during the past few years, of capacitors 
for power-factor correction, has placed a 
new aspect upon this problem. If the 
power supply to an induction motor is 
disconnected, the inertia of the connected 
rotating load tends to continue the rota- 
tion of the armature. The extent to 
which this occurs is dependent upon the 
nature of the load and in certain cases the 
armature may continue to rotate for 
seconds or minutes. In addition, appli- 
cations are known in which gas or gaso- 
line motors are connected to the same 
shaft with the induction motor and the 
utilization device, so that, in the event of 
the removal of the electric-power source, 
the armature can actually increase in 
speed and remain at the increased speed 
until manual readjustments are made. 
With capacitors connected across the 
terminals of induction machines which 
have been disconnected from the electri- 
cal source and in which the armature con- 
tinues to rotate, the value to which 
the terminal voltage will rise due to self- 
excitation is dependent upon the speed, 
value of the capacitor, and load. With 
the regulatory function of the power 
source removed the terminal voltage may 
rise to dangerously high voltages—dan- 
gerous with regard to human life or dan- 
gerous with regard to insulation break- 
down. Parallel-connected lights might 
also burn out with but a nominal increase 
in voltage. It may be seen, therefore, 
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instituted whereby a large number of engi- 
neering teachers throughout the country 
are afforded a chance to spend their sum- 
mers in industrial concerns. I also com- 
mend Manning’s statements that mathe- 
matics and physics are valuable to the 
engineer not perhaps so much because of 
their subject matter but because of the 
training they afford him in logical reasoning 
and in correct processes of thought. 
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that this problem has been removed from 
one of purely academic interest to one of 
practical importance. 

In 1935, Bassett and Potter! presented 
test results showing the performance of 
generators under capacitive and combina- 
tions of resistance and capacitive loading. 
The present article considers similar 
problems and further shows that the per- 
formance under such conditions, including 
both balanced and unbalanced operation, 
can be precalculated quite accurately. 


~ LOAD 


INDUCTION MOTOR 


Figure 1. Equivalent circuit of induction 
generator with three-phase load of capacitors 
—jxc in parallel with induction load R + jX 


With known conditions the characteristics 
of the machine can be predicted by the 
methods presented here. 


General Considerations 


The conventional equivalent diagram 
of the induction motor will be used with 
the exception that the magnetizing branch 
will not be regarded as constant but must 
vary in the manner dictated by the 
saturation characteristics of the particular 
machine. This circuit is shown in figure 
1 for one phase. The symbols will have 
the following significance: 


r, = Stator resistance in ohms per phase 
to neutral 

7, = Rotor resistance in ohms per phase to 
neutral 

x = Stator and rotor leakage reactances 
in ohms per phase to neutral 

X%m = Reactance of branch representing 


magnetizing current in ohms per 
phase to neutral 

Slip expressed as a fraction of syn- 
chronous speed 


The slip is referred to the frequency of 
the stator voltages and currents and, 
when operating as an induction genera- 
tor, is, of course, negative. 

The general considerations which will 
be applied in determining the solutions 
are that the summation of the real power 
and the summation of the reactive volt- 
amperes throughout the entire circuit, 
including that of the load, must each equal 
zero. Because of the presence of satura- 
tion phenomenon, resort will be had to a 
graphical or a cut-and-try method of solu- 
tion. 

Most of the tests which are described in 
what follows were made on a 15-horse- 
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power, three-phase 60-cycle 220-volt 
1,770-rpm type CS Westinghouse motor 
of conventional design. The constants, 
obtained from test data, are 


r, = 0.151 ohm per phase to neutral 
r, = 0.145 ohm per phase to neutral 
x = 0.394 ohm per phase to neutral 


Xm (air-gap line) = 19.8 ohms per phase to 
neutral 


The no-load saturation curve is given in 
figure 2. The lower portion of this 
curve, indicated by circles, was obtained 
by impressing a three-phase alternating 
voltage to the machine terminals and 
varying the speed by means of a connected 
d-c motor so that the power input from 
the a-c end was zero. 


No-Load Excitation 


A three-phase bank of static condensers 
was connected (without the a-c supply) 
across the terminals of the machine and 
the rotor driven at a speed corresponding 
to normal synchronous speed by means of 
the d-c motor. Since only the losses of 
the machine must be supplied, the quan- 


tity, ee Y,i,2 (figure 1) which represents 
& 


the shaft input, will be very small. This 


Figure 2. No-load 


the range for which the data overlap, the’ 
test data checks with that obtained by | 
the application of an alternating voltage. 
Referring to the equivalent circuit of 


Ee 
figure 3 it may be seen that the ratio — 


dm 
for any point on the no-load excitation 
curve must equal (xm -+ x) or x. In 
order that the reactive kilovolt-amperes 
sum up to zero, x, must equal (x,_ + XC) 
Thus the slope of a straight line drawn 
from the origin of the curve of figure 2 
to any point on the curve gives the capaci- 
tive reactance of the capacitor required to 
produce that voltage at no load. As the 
condenser capacity decreases the slope 
representing its capacitive reactance in- 
creases and the terminal voltage de- 
creases. When finally the slope equals 
the air-gap line, an infinite number of 
solutions are possible. Beyond this point 
the machine is inoperative. Therefore, 
there exists a certain minimum amount 
of capacitors which will still produce self- 
excitation. In this regard the induction 
generator performs in a manner quite 
analogous to a shunt-excited d-c gen- 
erator. 


In what follows it will be necessary to 
know the volt-ampere characteristics of 
the x,, branch alone. 


This is obtained 


saturation curve of 
15-horsepower 220- 


volt 60-cycle in- 


duction motor 


o=motor connected 


to a-c source 


x = motor excited 


through capacitors 
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condition requires that s be very small and 
—=g 
consequently that —— r, be large and i, 
S 


small. The equivalent network for this 
operating condition for all practical pur- 
poses reduces to that shown in figure 3 
in which r, of figure 1 has also been neg- 
lected. Because s is small the generated 
frequency corresponds to that of the shaft 
which in this case is normal frequency. 
Upon varying the magnitude of the capaci- 
tors the test points, indicated by crosses 
in figure 2, were obtained, extending the 
no-load excitation curve to more than 
ten times normal excitation current. It 
will be observed that over the portion of 
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from the dotted line in figure 2 by sub- 
tracting the x: drop giving the curve 
shown by the full line and marked “air- 
gap voltage.” 

A further demonstration of the truth of 
the above theory is offered by the manner 
in which the terminal voltage changes 
with change in frequency. The full lines 
in the insert of figure 4 show the magnetiz- 
ing characteristic and the capacitor 
characteristics for normal frequency. As 
the frequency is increased the terminal 
voltage for a given magnetizing current 
increases proportionately with the fre- 
quency. On the other hand, the capaci- 
tor current varies inversely proportional 
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. the frequency. These characteristics 
Be shown by the dotted lines for an in- 
crease in frequency of about 20 per cent. 
The new terminal voltage is then given 
bby the intersection of the dotted lines. 
The comparison between test and calcu- 
lated results using this method is shown 
by the circles and crosses in figure 4, 
which indicate a very close agreement. 


JX 


“IX, @ 


ey 


Figure 3. Equivalent single-line diagram for 
no-load excitation condition 


TERMINAL VOLTS 
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under consideration is shown complete in 
figure 1. To calculate the performance 
while keeping the capacitor fixed the fol- 
lowing steps are involved. An arbitrary 
value of R and its corresponding value of 
X are chosen for which it is desired to de- 
termine the terminal voltage, e. Esti- 
mate the value of e. This fixes i, and i,. 
The current 7, is the sum of i, and i,. 
Knowing 7, the drop through 7, + jx is 
found which determines eg. The magne- 
tizing current 7, is obtained from the full 
line of figure 2. And, finally, i, is the 
sum of 7, and i. At this point all the 
currents are determined for the estimated 
values of e. All of those operations are, 
of course, vector operations. If the esti- 
mated value of e is the solution the follow- 
ing relation should be satisfied. 


Xt,? + xt? + egtm + xt? — x,7,.2 =0 (1) 


Figure 4. Effect of 
change in frequency 


No load—constant 
shunt capacitor = 
10.6 kva at 60 cycles 


o =test points 


x=calculated points 


“40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 
FREQUENCY IN CYCLES PER SECOND 


In order to provide a better quantita- 
tive perspective of the values involved, 
the dashed line in figure 2 was calculated. 
This curve gives the terminal voltage as 
a function of the kilovolt-amperes of the 
capacitors at normal frequency and volt- 
age. It will be seen that for a capacitor 
whose kilovolt-amperes is equal numeri- 
cally to the horsepower rating of the ma- 
chine the terminal voltage reaches a value 
equal to twice normal. This will vary 
within limits for different motors, depend- 
ing upon their excitation characteristics. 


Three-Phase Impedance Loading 


To determine the regulation charac- 
teristics under polyphase conditions, the 
induction generator was loaded with three 
resistance racks, which upon measure- 
ment were found to have 8.3-per cent reac- 
tance at 60 cycles. With a constant 
capacitor bank the load was changed 
keeping the load frequency constant with 
the result shown in figure 5. The circuit 
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If, however, this summation is not satis- 
fied a different value of ¢ should be tried. 

The comparisons between the test and 
calculated results for two values of capaci- 
tors are shown in figure 5. 

The slip for this particular value of R is 
determined by summing up the power 
quantities for the solution obtained from 
the summation of reactive volt-amperes 
and equating this sum to zero. No cut- 
and-try method is necessary. Thus 


tes 
Seek Tpty? =f Fry” 
5 


+ fst,’ + 7,7R = 0 
or, combining the first two terms and 
solving 
,_ 2 

a pe a (2) 

rsis2 + 1,7R 
Values of s obtained by this method are 
shown in figure 5. 

Calculated curves for pure resistance 
load and for the same capacitors are 
plotted in figure 6. It will be observed 
that the regulation is very much better. 
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The series reactance in the load for the 
former case, although only 8.3 per cent, 
exerted considerable influence upon the 
terminal voltage. 

An interesting condition exists for the 
range of operation indicated by the dotted 
lines in figure 6. Note that for this range 
there is no appreciable saturation so that 
Xm can be represented by a constant. It 
is possible, therefore, to determine the 
impedance of all that portion of the cir- 
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Figure 5. Characteristics of a 15-horsepower 
induction generator under three-phase resist- 
ance load having 8.3 per cent reactance 


x = calculated points 
Oo = experimental results 
—— = terminal voltage 
--=-=- = slip 
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cuit in figure 1 which lies to the right of a. 
A solution exists when this impedance is 
purely real, there being no imaginary 
part. Since for pure resistance load of 
figure 6, X is zero, then R and —jx, in 


SELES, sk Alp ie 


parallel become 


— JX 
designated by R’ + jX’, in which 
x72R 
t = ere Ore ee 3 
: Iie oe he ) 
and 
xR? 
ff =) =e 4 
amen, ee a 


The impedance to the right of a then be- 
comes 


F%m(R! + rs) + je + X’)) 
(R! + 5) + 5% +X’ + %m) 


The condition that the imaginary com- 
ponent of this expression equals zero, re- 
sults in the following equation: 


(@ + X' + am) [%m(e +X) + 
ele XP Xn) | 
(R’ + 45)(%m + x) = 0 (5) 


Upon substituting (3) and (4) into (5), a 
fourth degree equation in R results, which 
permits the determination of R. The 


+ jx 


il 
quantity R is equal to Va times the slope 


of the dotted lines in figure 6. The signi- 
ficance of this expression is that there are 
an infinitely large number of solutions for 
the terminal voltage when R has the value 


POS. SEQ. 
NETWORK 


NETWORK 


Figure 7. Method of connecting sequence 
networks 


Figure 8. Negative-sequence network of in- 
duction motor with three-phase capacitor 
across its terminals 


Figure 9. Equivalent circuit for induction 
generator and three-phase capacitor loaded 
single-phase by resistance R 
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satisfied by this equation. Actual opera- 
tion is impossible at any of these values as 
an attempt to operate on the straight 
part of the curve results in instability. 
For values of R slightly smaller than this 
critical value the machine loses voltage, is 
unstable. A self-excited induction ma- 
chine cannot, therefore, supply a sus- 
tained short-circuit current. A similar 
expression can also be derived for the 
dotted lines in figure 5, the slope of which 

3e 


VR+X? 
which still permits operation as a genera- 
tor. 


represents the limiting ratio of 


Single-Phase Impedance Loading 


For this case let it be assumed that a 
resistance R is placed across phases b and 
c of the induction generator, the capaci- 
tors still being connected across all three 
phases. This is analogous to the short- 
circuit of a three-phase system through a 
resistance R, a case treated frequently in 
the literature.2 For this case the posi- 
tive- and negative-sequence networks are 
connected together as shown in figure 7. 
The actual current through the resistor R 
is V3 times the positive- or negative- 
sequence current flowing through R in the 
diagram. This procedure tacitly assumes 
the justifiability of superposition in the 
presence of saturation phenomenon. It 
will be assumed that saturation effects in- 
fluence only the positive-sequence net- 
work and not the negative-sequence net- 
work, The checks obtained by compari- 
son between the calculated and test values 
justify these assumptions. The positive- 
sequence network of the machine is the 
same as has been considered previously in 
this paper and the negative-sequence net- 
work, with the exception of the capaci- 
tors, has been treated previously in the 
literature. This network is reproduced 
in figure 8. Since s is usually small, a 
good approximation is to assume s equal 
to zero and to combine r, and = Y, 

= 


; r. 
making the sum equal. It will be as- 
5 


sumed that x, can be replaced by a con- 
stant term determined by the air-gap line. 
It is thus possible to replace the negative- 
sequence network of figure 8 by a simple 
impedance independent of saturation and 
slip. The resultant combined network 
for the positive- and negative-sequence is 
therefore that shown in figure 9; R, + 
j&2 is the impedance to which the net- 
work of figure 8 has been reduced neg- 
lecting the impedance of the capacitors 
— jx, The current in the load is equal 
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to 3 times the current in R and arma- 
ture or load voltage is 4/3 times the volt- 
age across R. 

If the load is an impedance instead of a 
pure resistance, it is only necessary to re- 
place R by R + jX where X represents the 
reactance of the load. Tests and calcula- 
tions upon the foregoing basis have been 
made on the previously used induction 
motor excited with capacitors across — 
three terminals and loaded with a resist- 
ance rack across two terminals. The 
rack possessed 8.3 per cent reactance. 
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Figure 10. Characteristics of a 15-horsepower 

induction generator under single-phase resist- 

ance load having 8.3 per cent reactance and a 

three-phase capacitor equal to 10.3 ohms per 
phase to neutral (4.7 kva) 
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The results of these tests and calculations 
are plotted in figure 10, which shows very 
close agreement. 

If a capacitor is connected across the 
load only then the two capacitors —jx, 
of figure 9 must be removed and a single 
capacitor having the impedance of the 
actual capacitor must be connected across 
the load impedance. 


Load Characteristics 


Under certain conditions an induction 
generator driven by an engine or other 
equivalent motive power might have con- 
nected to it other induction machines 
which had also been connected to the 
source of supply. At the time of failure 
of the a-c source of supply the engine- 
connected induction motor tends to drive 
the other induction machines at a fre- 
quency determined by the speed charac- 
teristics of the motive power and at a 
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INDUCTION CAPAC D.C.GENERATOR 
GENERATOR TORS MOTOR’ WITH RESISTANCE 


Figure 11. Self-excitation characteristics of 

two 15-horsepower induction motors, one of 

which is driven as an induction generator feed- 

ing the other as an induction motor. Figures 

on curves represent capacitor kilovolt-amperes 
at 220 volts, 60 cycles 


voltage determined by the shunt-con- 
nected condensers. In figure 11 is shown 
a test setup to determine the characteris- 
tics of an induction motor when operating 
under such conditions. The setup con- 
sists of two of the above-mentioned 
motor-generator sets, the induction ma- 
chines having the characteristics of those 
described previously. One of the d-c ma- 
chines acted as a motor to drive one of the 
induction machines as an induction gen- 
erator and the other induction machine 
drove the second d-c machine which was 
loaded upon a resistance rack. The two 
induction motors were connected in 
parallel and a bank of condensers con- 
nected across their terminals. Under 
this type of operation, theory dictates that 
the capacitors supply not only the excita- 
tion requirements of both induction 
motors but also the leakage reactance 
volt-amperes of the two machines. The 
curves of this figure show the characteris- 
tics at 60 cycles for constant values of 
capacitors as the load is increased on the 
induction generator. The no-load values 
of the voltage correspond to the values 
obtained previously for the no-load condi- 
tion. It will be observed that the upper 
of these curves is much flatter than the 
lower one. The reason for this is appar- 
ent when it is considered that as the load 
is increased, the increase in leakage reac- 
tance volt-amperes of the machine must 
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be supplied from the decrease in volt- 
amperes required by the excitation. At 
the higher voltages produced by the 
larger condenser capacity the machine is 
operating at a higher saturation and, 
therefore, more reactive volt-amperes is 
released for a given change in excitation 
voltage, 

For the particular values of condenser 
capacity used in these tests, it was neces- 
sary to bring the driven induction motor 
up to speed by its d-c machine in order 
to make the sets excite themselves and 
carry load. However, at the no-load 
condition discussed previously, the ma- 
chine came up to voltage very rapidly 
provided there was sufficient capacitor 
kilovolt-amperes to provide the excita- 
tion. In the loaded case, the capacitor 
kilovolt-amperes was too low to supply 


Figure 12. Wave forms for a 15-horsepower, 

220-volt three-phase induction motor operat- 

ing at no load and excited by a five-kilovolt- 
ampere static capacitor 


Upper curve—terminal-to-terminal voltage = 
320.4 volts 
Lower curve—armature current = 18.3 am- 
peres 


both the excitation requirements and the 
leakage reactance volt-amperes of the 
machine. Subsequent tests in which a 
five-horsepower 550-volt induction motor 
was used for the load both sets were ex- 
cited very nicely by either bringing the 
two machines up to speed simultaneously 
by the one driving motor or by first excit- 
ing the induction generator and then con- 
necting the five-horsepower machine. 
The question merely resolves itself into 
one of whether a given capacitor can sup- 
ply both the excitation kilovolt-amperes 
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of the generator and the starting lagging 
kilovolt-amperes required by the station- 
ary motor. 


Wave Shape 


Oscillograms of terminal voltage under 
either no load (figure 12) or load (figure 
13) indicate a very close approximation 
to sine wave, The current wave forms 
are distorted to some extent. 


Conclusion 


Calculations have been made for several 
conditions, both at no load and under 
load and the results agree closely with the 
test results. These checks include both 
balanced and unbalanced operating condi- 
tions. It is felt from this that, given the 


motor characteristics, the self-excitation 
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Figure 13. Wave forms for a 15-horsepower 
220-volt three-phase loaded induction motor 
excited by static capacitors 


effects can be predicted in advance to the 
same degree of accuracy as that of the 
information. 
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Use of Bismuth-Bridge Magnetic 
Fluxmeter for A-C Fields 


By G. S. SMITH 


MEMBER AIEE 


HE methods most often used for the 

measurement of d-c, a-c, and tran- 
sient magnetic fields depend upon one 
fundamental law: that a voltage is 
generated in a conductor cutting lines of 
magnetic flux. However, for each of these 
fields the apparatus and procedure are 
entirely different. Perhaps the greatest 
difficulty arises in the study of a magnetic 
field under transient conditions, since the 
resulting voltage oscillogram is a com- 
posite of several components having more 
or less intricate phase relations. Thus 
the actual magnetic-field values or 
changes are rather difficult to obtain. A 
single instrument, adapted for use in any 
of the three fields, would be very desirable. 
With this object in view, the following 
report describes the work done in at- 
tempting to use, for the measurement of 
a-c and transiént magnetic fields, an 
instrument previously proposed for use 
only in the d-c field. 


Analysis of Problem 


In a previous paper! an instrument for 
measuring d-c magnetic fields was de- 
scribed which gives a continuous and 
steady reading when placed in the field 
to be measured. Its operation depends 
upon the change in electrical resistance 
bismuth exhibits when placed in a mag- 
netic field. Two bismuth resistors are 
placed in the opposite arms of a wheat- 
stone bridge and in zero magnetic field 
the bridge is accurately balanced by using 
some ordinary resistance material in the 
remaining arms. When placed in a mag- 
netic field the bridge is unbalanced by an 
amount depending upon the effect of that 
field upon the bismuth resistance. Thus 
the current or voltage due to this un- 
balance can be calibrated directly in 
terms of the magnetic field density. To 
avoid changes in the zero setting of the 
meter, due to temperature variation, all 
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resistors in the bridge are adjusted to have 
the same temperature resistance change. 
During the investigation covered by 
the previous paper the meter was tried 
in an a-c magnetic field and.a definite 
reading was obtained, but no quantita- 
tive tests were attempted at that time. 
By substituting an oscillograph vibrator 
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Wiring diagram for magnetic flux- 
meter and bridge 


Figure 1. 


in the fluxmeter position in figure 1, the 
oscillogram shown in figure 2 was ob- 
tained, indicating that the meter could 
also be adapted to transient-flux measure- 
ments. This report describes the work 
done in altering the design of the same 
instrument so that it can be calibrated for 
use in a-c magnetic fields, or used for 
transient-flux investigations. 

The fluxmeter current shown by A in 
figure 2 is a composite of two current 
components a portion of which has been 
sketched in on the oscillogram. Although 
they have not been drawn to exact scale, 
it can be seen that the pulsating com- 
ponent which remains positive at all 
times represents the effect of the magnetic 
flux upon the bismuth resistors, and is 
more clearly shown in later oscillograms, 
while the other alternating component is 
merely due to an induced voltage in the 
coils of the bridge. This indicates that 
the bridge is not entirely noninductive. 

The first problem was to design the 
bridge element so that it would be as 


Smith—Fluxmeter 


nearly as possible noninductive. Some 
means must then be provided to balance 
out of the fluxmeter branch circuit any a-c 
voltage still induced. Finally the use of 
the bridge in a-c and transient magnetic 
fields must be studied to determine 
whether or not it does give consistent re- 
sults in a-c fields, and, as far as the ap- 
paratus available will allow, determine its 
limits with respect to frequency. 


Changes in Construction 
of the Instrument 


To reduce the self-inductance of the 
bridge element, the wire for the various 
resistors was enameled and was wound in 
noninductive spirals, with the turns as 
closely together as possible. This winding 
also resulted in a smaller coil, for the same 
resistance, than was obtained in the in- 
strument previously described. To elimi- 
nate any possible voltage generation 
between the bridge terminal and the re- 
sistor coils, all leads were made of copper 
foil of similar shape and size, and were 


Figure 2. Oscillogram showing the distorted 
fluxmeter current before the bridge is provided 
with an a-c compensating coil 


A—Current in fluxmeter 

B—Induced voltage from exploring coil in air 
gap of magnet 

C—Voltage across the exciting coils of magnet 


stacked one upon the other, each insulated 
from the next by a thin film of paper. 
The details of this construction are clearly 
shown in figure 3. 

A number of other improvements were 
made in the bridge element. Either lead 
or tin wire was found very satisfactory 
for use as balancing resistors, since they 
are nonmagnetic and have temperature 
coefficient of resistance about equal to or 
slightly higher than the coefficient for 
bismuth. By use of either, a slight nega- 
tive reading previously experienced under 
certain conditions was entirely eliminated, 
as will be more fully discussed later. To 
stiffen the end of the bridge and more 
adequately to protect the resistor coils, 
the leads were tapered to a point near the 
coil end, in order that pieces cut from 
thin celluloid and shaped to extend around 
the outer edges of the coils might be 
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cemented very securely to the mica sup- 
port. The terminal block was divided 
into two parts, with the flexible leads to 
the instrument securely soldered into 
plugs in the one part, and corresponding 
jacks soldered to the copper-foil leads in 
the other. This method allows the bridge 
to be easily detached for checking or re- 
pairs, but is of most value in making 
adjustments during construction. By 
this means also two or more bridges may 
be used with the same meter. For 
example, the element of one bridge may 
be very small in diameter for measuring 
fields of very small area, while another 
may be designed with a much larger area, 
but sensitive to much lower field densi- 
ties. 

To balance out any a-c voltage still 
generated in the bridge coils, an a-c 
compensating coil of two or three turns 
of copper wire was wound around the 
outside of one set of the bridge coils. 
The terminals of this coil were carried 
to the meter and connected across a 
resistance, an adjustable portion of 
which is in series with the fluxmeter, as 
is shown in figure 1. By means of an 
oscillograph this adjustment may be set 
to give zero a-c current in the fluxmeter 
branch when the bridge is in a strong 
a-c magnetic field and the meter battery 
circuit is open. No difficulty was ex- 
perienced in making this setting, and 
once it was made no further alteration 
was needed. When the instrument is 
used for direct current this coil has no 
function and is virtually outside the 
working circuit. 

The controlling and indicating portion 
of the instrument was not greatly 
changed. For use with the oscillograph, 
two extra terminals were added, and a 
single-pole double-throw switch was pro- 
vided to throw either the milliammeter or 
the oscillograph terminals into the flux- 
measuring position. The completed in- 
strument, ready for use, is shown in 
figure 4. 

The experimental tests may be divided 
into three groups: calibrations, phase 
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Figure 3. Bridge 
and terminal block 
assembly 


relations, and examples 
oscillograms, 


of transient 


Calibration Tests 


For use in most of the tests, an electro- 
magnet with a core of laminated trans- 
former steel was designed and _ con- 
structed. The pole faces of the square 
core were tapered and turned to a diame- 
ter of about four centimeters, and were 
spaced with an air gap of about 0.5 centi- 
meters. With this magnet an a-c flux 
density of from eight to ten kilogausses 
could be obtained, though at the higher 
values the core would become noticeably 
warm. 

The average value of the a-c magnetic- 
flux density was calculated from the area, 
the number of turns, and voltage induced 
in an exploring coil placed in the air 
gap. Three different exploring coils 
were used, each with a diameter of about 
3.2 centimeters, and with 2, 30, and 100 
turns, respectively, of number 38 
enameled copper wire. The induced 
voltage was measured by means of a 15- 
volt rectifying type of voltmeter, with a 
resistance of 2,000 ohms per volt. The 
frequency was held at the proper value 
by using an oscilloscope to compare it 
with the power company’s 60-cycle 
current upon which the electric clocks 
depend. 

A check on the results obtained by the 
rectifying voltmeter was made by means 
of a high-grade thermocouple voltmeter. 
In this case the induced voltage was ob- 
tained by adding the computed drop in 
the coil to the voltmeter reading. The 
two methods checked very closely. For 
the major portion of the calibration work 
a good sine-wave voltage source was used 
as far as possible. Later distorted wave 
shapes were also used to check the calibra- 
tion on non-sine waves. 

The calibration curves for a constant 
temperature of 22 degrees centigrade, and 
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Figure 4. View of completed meter 


for three different values of current 
supplied to the bridge circuit are shown 
in figure 5. All calibration curves made 
by means of direct current are shown in 
full lines; those for alternating current 
are shown in dashed lines. In all the 
a-c calibrations the average value of flux 
was used. Since the rectifying type of 
voltmeter indications are proportional 
to the average values, its reading will 
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Calibration curves for magnetic 
fluxmeter 


Figure 5. 


All curves taken at 22 degrees centigrade 

Full lines indicate d-c calibrations 

Dashed lines indicate a-c calibrations 

Average values of a-c flux used throughout 

A—Calibrations using three milliamperes in 
bridge 

B—Calibrations using ten milliamperes in bridge 

C—Calibrations using 25 milliamperes in 


bridge 


TRANSACTIONS 53 


indicate average values regardless of the 
voltage wave shape. In making checks 
with the thermocouple type of meter, 
care was used to select a good sine wave 
of voltage as the source. 

The change in the resistance of bis- 
muth when placed in a magnetic field 
varies somewhat with the temperature 
at which the bismuth is maintained. 
The change becomes less per unit of 
flux density as the temperature is in- 
creased. In the previous paper where 
only d-c fields were used this change was 
indicated by calibration curves at several 
different temperatures. The same 
changes take place when used for alter- 
nating current though the actual cali- 
bration curves at other temperatures are 
not shown. While this change is not 
quite linear with respect to temperature, 
over the usual range, the actual flux 
densities are roughly one per cent per 
degree lower for lower temperatures, or 
higher for higher temperatures, than the 
values shown for 22 degrees centigrade. 
Where more accuracy is desired, the 
values must be interpolated from a set of 
calibration curves covering the tempera- 
ture involved, or by means of an empiri- 
cal formula derived from such curves or 
data. 

The a-c calibrations were carried out 
for frequencies varying from 12 to 540 
cycles per second. Below 12 cycles the 
instrument pointers vibrated too much 
for reading. No apparatus was avail- 
able to go above 540 cycles; in fact only 
the lower portions of the curves could be 
checked for this frequency. Where pos- 
sible, portions of all curves were checked 
by means of two or more of the three 
exploring coils. All values taken over 
this range of frequencies, and in checking 
by means of the different exploring 
coils, were seldom over two per cent 
above or below the average value shown. 
Since the guaranteed accuracy of the 
rectifying voltmeter is only four per 
cent, these values appear quite satis- 
factory. No tendency whatever ap- 
peared for the values taken at the higher 
frequencies to be either higher or lower 
than the others. 


Seemingly the direct current and the 
average values for the alternating current 
should fall on the same curve, but the 
experimental data proved this to be not 
so. Were this caused by the lag of the 
resistance change as found by Konig?’ 
more flux would probably be necessary 
to give the same meter reading rather 
than less, and the effect should increase 
as the frequency increased. Nor could 
it be accounted for by eddy-current 


losses, inductance, or capacity in the 
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circuit since these would vary with fre- 
quency and would also tend to reduce 
rather than increase the sensitivity of the 
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Figure 6. Phase relations at 60 cycles per 
second 


A—Current in the coil of magnet 
B—Voltage across coil of magnet. 
C—Induced voltage from exploring coil in air 
gap 
D—Magnetic flux in air gap by means of flux- 
meter 
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Figure 7. Phase relations at 280 cycles per 
second 


—Current in coil of magnet 
B—Voltage across coil of magnet 
C—Induced voltage from exploring coil in air 
gap 
D—Masnetic flux in air gap by means of flux- 
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Figure 8. Phase relations at 480 cycles per 
second 


A—Current in coil of magnet 

B—Voltage across coil of magnet 

C—Induced voltage from exploring coil in air 
gap 

D—Masgnetic flux in air gap by means of flux- 
meter 


Figure 9. Starting transient when a-c voltage 
is switched across coil of magnet 


A—I\nduced voltage from exploring coil in air 
gap 

B—Current in coil of magnet 

C—Masnetic flux in air gap by means of flux- 
meter 
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meter. The most logical explanation is 
suggested by the wave shape of the flux- — 
meter current oscillograms shown most 
clearly in figures 7 and 9. Because of the 
nonlinear relation of the flux density to 
the resistance change, as is evident by the 
direct-current calibration curves, the 
resulting variable current in the bridge 
circuit is decidedly non-sine wave when 
produced by a sine wave of flux. Since 
the torque in the direct-current meter 
used as a fluxmeter depends upon the 
average of this cyclic current, this 
average, due to the flat-topped waves, 
would be somewhat higher than for sine 
waves of similar amplitude and thus the 
reading for the average value of the 
alternating-current flux would be greater 
than would be obtained were the meter 
current waves sinusoidal. 

No difference could be detected in the 
readings when the wave shape was dis- 
torted as compared to sine waves. Also 
since the highest frequency used is a 
rather high order of harmonics for the 
lowest and the calibration for all fre- 
quencies used fell on the same calibra- 
tion curve, it seems evident that within 
the range of frequencies covered the 
accuracy of the meter is not noticeably 
affected by the wave shape of the flux. 

The accuracy with which readings 
could be duplicated or checked between 
different meters, using reasonable care 
in determining the temperature, was 
seldom over two per cent in error when 
used for direct current. Only the one 
meter for use in alternating current has 
so far been constructed and calibrated; 
thus it would be difficult to state what 
accuracy could be expected, since the 
apparatus used for calibration could 
not be depended upon for an accuracy of 
more than four per cent, and this was the 
only possible means of obtaining a com- 
parison. 


Phase Relations 


The second problem was to study the 
time-phase relations of the bismuth re- 
sistance and magnetic flux as they were 
varying. Investigations made in this 
field by Konig, Heurlinger, and others,?—~ 
indicate a lag of the bismuth resistance 


change. Konig, who probably made the 
most extensive investigation, used a 
make-and-break device to produce 


changes in the magnetic field. This 
would probably be equivalent to using a 
rather high alternating frequency. The 
problem attempted in the present re- 
search was limited to what might be 
termed commercial frequencies and their 
harmonics, 
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For such study a series of some twenty 
or more oscillograms were taken over a 
range of from 60 to 480 cycles per second. 
Representative oscillograms for 60, 280, 
and 480 cycles per second are shown in 
- figures 6, 7, and 8. 

No lag in the resistance change can be 
detected at 60 cycles, but at 280 cycles 
a lag appears of about 14 electrical de- 
grees, and at 480 cycles this has further 
increased to about 24 electrical degrees. 
However, these measured lags must not 
be considered more than approximate, 
since the oscillograph light and vibrator 
adjustments can often cause slight ap- 
parent phase shifts when none are pres- 
ent. For example, in figure 6, the 
magnetic-flux record appears slightly to 
lead the voltage values. The conclusions 
stated are based upon the average results 
of the large number of oscillograms 
taken. Unusual care was exercised in 
taking sets with the minimum of changes 
in adjustments, while other sets were 
purposely taken after adjustments had 
been changed. 


Magnetic Transients 


The third problem was to obtain some 
transient oscillograms of the magnetic 
field, together with the corresponding 
current and voltage values. The oscillo- 
gram in figure 9 shows the switching of a 
60-cycle voltage across the coil of the 
magnet previously described. The un- 
usual height of the transient-flux values 
gives an indication of the instantaneous 
mechanical forces acting during the 
transient period. The usual transient 
and steady conditions when a single- 
phase alternator is short circuited are 
shown in figure 10. The variations in the 
field current C after short circuit give 
some indication of the armature reaction 
on the field flux but the actual flux varia- 
tions in D show exactly how the air-gap 
flux is varying as well as its phase rela- 
tions to the field and armature current 
changes. The variations of the air-gap 
flux due to the armature slots and teeth 
are also very evident. Figure 11 shows 
the flux distribution under the pole face 
of a stationary direct-current motor, when 
the shunt field is excited. This was 
taken by moving the bridge element along 
the air gap. The oscillograph drum was 
rotated by a thread extending from its 
pulley to the bridge. Since the bridge 
was moved with the hand the oscillo- 
gram shows some unevenness which 
should not be present. Many other 
interesting and valuable studies could be 
made on stationary and running ma- 
chines, as well as on other equipment. 
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Directional Variations 


An observation may be made here, not 
strictly in line with the subject at hand 
but nevertheless relating to an interesting 
and important feature of the instrument, 


Figure 10. Transient from no load to almost 
short circuit in a single-phase alternator 


A—Alternator terminal voltage 
B—A\llternator armature current 
C—Allternator d-c field current 
D—Air-gap flux under pole 
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Figure 11. Distribution of magnetic flux 
under the excited pole of a stationary d-c 
motor 
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Directional effect in use of 


magnetic fluxmeter 


Figure 12. 


Curves taken using 25 milliamperes in bridge 
A—Masgnetic flux parallel to plane of coils in 
bridge 
B—Magnetic flux perpendicular to plane of 
coils in bridge 


In the discussion on the previous paper® 
a set of curves was shown in which the 
bridge element was held with the plane 
of its coils parallel to the magnetic-flux 
At very low-flux densities the 
negative; at slightly 


lines. 


readings were 
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higher values the negative reading de- 
creased, finally changed to positive, and 
continued to increase, A greater density 
was always required to give the same 
reading than when the plane of the 
bridge coils was held perpendicular to the 
lines of flux. 

By using lead or tin wire instead of 
nickel for the balancing resistors, no 
negative readings are obtained; the 
calibration curves obtained with the plane 
of the coil held parallel with the lines of 
flux, and also held perpendicular to the 
flux, are shown in figure 12, The di- 
rectional effects of the magnetic field 
upon bismuth as well as upon other 
materials has been quite fully investi- 
gated in previous researches,” 

At first thought this change might 
appear disadvantageous, but it has the 
one important advantage of indicating the 
resultant direction of the flux as per- 
pendicular to the plane of the coils when 
the reading is maximum, or as being 
parallel to the plane of the coils when . 
the reading is minimum. In the meas- 
urement and plotting of the distribution 
of the flux in irregular fields this indica- 
tion would prove of considerable value. 


Conclusions 


While this research by no means ex- 
hausts the field for study, it has defin- 
itely proved that the instrument is of 
value in the measurement of alternating 
current and transient as well as direct- 
current magnetic fields. Within the range 
studied, the frequency has no effect upon 
the calibration. The tendency of the 
bismuth resistance to lag behind the flux 
changes found by previous investigators 
has been verified, though this lag at the 
usual commercial power frequencies either 
cannot be detected or is of very low mag- 
nitude. The instrument is thus well 
adapted to many studies in the alternat- 
ing current and transient fields. 
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Polarity Limits of the Sphere Gap 


By F. O. McMILLAN 


FELLOW AIEE 


Synopsis: It is found that 60-cycle polarity 
characteristics correlate with the positive 
and negative impulse calibration curves for 
grounded sphere gaps sufficiently well to 
use them for determining the polarity limits 
for sphere gaps. The available data show 
that the maximum spacing at which a 
grounded sphere gap has equal positive and 
negative spark-over is a linear function of 
the size of the spheres. From this relation, 
it follows that the maximum sparking dis- 
tance for equal positive and negative spark- 
over, expressed as a per cent of the diameter 
of the spheres, is not constant for all sphere 
diameters. Therefore, arbitrary polarity 
limits expressed in terms of the diameter of 
the sphere cannot apply to all sizes of sphere 
gaps. 


XTENSIVE use of sphere gaps in 

high-voltage testing and research 
makes it imperative to have complete 
data on their characteristics and limita- 
tions, particularly when the gaps are 
used for measuring impulse voltages. 
This paper describes a method of using the 
60-cycle polarity characteristics for sphere 
gaps to determine their polarity limits of 
spark-over in measuring impulse voltages. 
Empirical expressions are derived for 
the equal positive and negative spark- 
over limit of the sphere gap in centi- 
meters and also as a function of the di- 
ameter of the spheres. The large amount 
of data obtained from 60-cycle polarity 
characteristics and impulse tests made 
in the local laboratory over a period of 
eight years and by other investigators, 
have been carefully correlated in arriv- 
ing at these empirical equations. As 
more data become available for large 
spheres at the higher voltages, similar 
expressions can be derived for the in- 
teresting but erratic transition region 
which is not used for high-voltage 
measurements. The laws proposed are 
applicable to the measurement of im- 
pulse voltages for which the time from 
zero to flashover voltage is one micro- 
second or more. This impulse time is 
the same as that for which the recom- 
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mended AIEE sphere-gap calibration 
standards apply. 

The sphere gap has been an accepted 
device for measuring high voltages since 
1913;22 however, the polarity charac- 
teristics of the grounded sphere gap were 
not observed until 1929. In October 
1929, Lusignan® reported that. 60-cycle 
symmetrical voltage only sparked over 
a 50-centimeter grounded sphere gap 
when the ungrounded sphere was nega- 
tive if the spheres were one sphere 
diameter apart. He also reported that 
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SPARKING DISTANCE 


Figure 1. Typical 60-cycle polarity charac- 
teristic for grounded sphere gap 


when the separation was 69 centimeters, 
spark-over occurred on both polarities. 

In 1929, during some impulse voltage 
investigations at Oregon State College, 
it was found that measurements of 
positive impulse voltages with grounded 
sphere gaps and the standard 60-cycle 
calibration curves gave voltage values 
that were too low over much of the 
accepted standard range of the gap. 
This observation led to a study of the 
polarity characteristics of sphere gaps at 
60 cycles to determine the extent and 
nature of the polarity effects at power 
frequencies. Complete 60-cycle polarity 
characteristics were obtained for several 
different types of gaps including sphere 
gaps. The latter showed four distinct 
polarity ranges occurring at different 
spacings of the spheres.4 

The observed polarity characteristics 
of grounded sphere gaps when measur- 
ing impulse voltages were confirmed by a 
number of investigators, notably Alk- 
bone, Hawley, and Perry® in June 1933, 
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Meador in June 1934, and Bellaschi and 
McAuley’ in June 1934. 

General recognition of the difference 
in the positive and negative spark-over 
of grounded sphere gaps has led to ex- 
tensive revision of sphere-gap calibra- 
tion standards in the United States and 
abroad. Notable progress has been made 
by the AIEE subcommittee on sphere-gap 
calibrations in assembling positive, nega- 
tive, and 60-cycle calibration data for 
the standard sizes of sphere gaps. Sup- 
plementing these data, it is important to 
know accurately the polarity limits of 
these gaps over a wide range of spacings. 
This information is readily obtained from 
the 60-cycle polarity characteristics, be- 
cause sphere-gap polarity effects are 
essentially independent of the duration 
of the voltage wave for waves of one to 
two microseconds duration and longer.®,? 


60-Cycle Polarity Characteristics 


A typical 60-cycle polarity charac- 
teristic for a grounded sphere gap is 
shown in figure 1. Two methods of 
determining these characteristics, one 
utilizing visual Lichtenberg figures and 
the other a neon cathode-glow lamp, 
have been described in papers*® previ- 
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Figure 2. Characteristics of 6.25-centimeter 
grounded sphere gap 
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ously cited. The 60-cycle polarity 
_ characteristics shown in figures 1, 2, and 3 
_ cover a much wider range of sparking 
_ distances than are useful in measuring 
i voltages; however, they serve to give a 
complete picture of the four distinct 
polarity ranges characteristic of grounded 
sphere gaps. 
Both positive and negative spark-over 
_ occurs in the first range showing that 
the positive and negative spark-over 
_ voltages are essentially equal. The upper 
limit of this range is of great importance, 
because it shows the maximum sparking 
distance over which the sphere gap can 
be used without objectionable polarity 
effect. 

Positive spark-over does not occur 
in the second range, showing that the 
negative spark-over voltage is less than 
the positive. This region is important, 
because it includes the remainder of the 
range of the sphere gap that is useful for 
measuring voltages and shows the spac- 
ings over which positive and negative 
calibrations must be used. 

In the third range, both positive and 
negative spark-over occurs, and the gap 
is very erratic in its behavior, because 
corona forms on the ungrounded sphere 
at voltages that are lower than the spark- 
over value. This range covers the transi- 
tion from 100 per cent negative spark- 
over to 100 per cent positive spark-over. 

One hundred per cent positive spark- 
over occurs in the fourth range due to the 
formation of heavy corona streamers 
preceding spark-over. These corona 
streamers give the gap characteristics 
similar to those of a point-to-plane gap. 

Sphere-gap spacings falling in ranges 
three and four are almost entirely of 
theoretical interest, because they have 
very little practical value for voltage 
measurements. 


Correlation of 60-Cycle 
Polarity Characteristics 
With Impulse Calibrations 


When the positive and negative im- 
pulse voltage calibration curves for a 
sphere gap are plotted directly above the 
60-cycle polarity characteristic, using a 
common scale of abscissas, the correla- 
tion of the 60-cycle characteristic with 
the calibration curves is clearly shown. 
This has been done for the 6.25-centimeter 
and 50-centimeter sphere gaps in figures 2 
and 3. These sphere gaps were selected 
on account of the large difference in size 
and because complete characteristics 
were available. Both the 60-cycle and 
impulse data for the 50- centimeter gap 
were taken by Meador? in another 
laboratory. The wave used for the 
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Table I. 


Polarity Limits of Spark-Over for Grounded Sphere Gaps 


Sphere-Gap Spacing in Centimeters and Per Cent Sphere Diameter 


Equal Positive and 


= } : Low Transition Low 
egative Spark-Over Negative Spark-Over Negative to Positive Positive Spark-Over 
Range Range Spark-Over Range 
° Eas g : ar 
S Fi aximum FI Maximum FI Maximum 3 Maximum 
a : be g be ‘a 4 E 4 
y o * & * o * o 
= ae E eel he te E 
AUC es ipa eee eee ee er Phe er’) bes 
Rigo se (t) ‘gaglis 3 WR Og $ Al Bi, Bo gh 
38 # ¢ Se g¢ — 8 6ge sg Se ¢ .# 8» 
“sod Wet oer es last eet ee ae ee eo, 
US a a 8 a 4 | i= q a! 
ae 3) So an oo i) an o is) AD of OO Aa 
¥ tbe Pe 
2.00.....* eae! ‘aed: 
2.54... 0 2.2 Bir. 2.2 One 130... 8.3 . 28 150. eal “Ae seh ORC at ) 
6.25..... Nie a Ce wes oe Sales A PRIDISE 8 TR ee hibe ice Age a SecliitO hae 
AD Be ee 5 es 5 15. Oe USO peracis Oman ra veuees i! : 
RD arte ae Dame Otome ining 36. 9 30, Oy LaDonna a 
AS deus Sra ts Sele BGn semlon MOON Yea LOOMS, 4 SOU har ria 70. eee vl Ol tensetn ys aapeen tear o 
SE eet chain oie pis vO nc A ee Leta oe 
DO ian, «30% LR er: BOs sc unsncte aan BOA eas * 
OQ ke ch ain = 
BGs Pits = 5 We BO. cea KOO cote tS 


* Limits of available data. 


6.25-centimeter sphere-gap impulse volt- 
age calibration was a 1x5 microsecond 
wave, while the 50-centimeter gap was 
calibrated with a  1.5x40-microsecond 
wave. 
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Characteristics of 50-centimeter 
grounded sphere gap 


Figure 3. 


The upper limits of the equal positive 
and negative spark-over ranges for the 
two polarity characteristics coincide quite 
well with the points of divergence for 
the positive and negative impulse cali- 
bration curves. The limit for the 6.25- 
centimeter sphere gap is slightly higher 
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than the branching point for its impulse 
calibration curves, and the limit for 
the 50-centimeter sphere gap is essentially 
coincident with the point of divergence 
of the calibration curves. 

The range of zero positive spark-over 
is wider than the usual range of impulse 
calibration curves, and it clearly shows 
the gap limits over which positive and 
negative calibration curves must be 
used for impulse measurements. 

The polarity characteristics shown 
were taken on gaps with the ungrounded 
sphere mounted directly above the 
grounded sphere and with the sparking 
surface of the grounded sphere four 
sphere diameters above the ground plane. 
This is the usual position of sphere gaps 
when making high-voltage measurements. 
Other 60-cycle polarity characteristics 
taken with the sphere gap mounted in a 
horizontal position with respect to the 
ground plane were essentially the same as 
those for the vertical gap except the 
second range over which there are no 
positive spark-overs was shortened, be- 
cause the transition from negative to 
positive spark-over occurred at a shorter 
gap spacing. 


Polarity Limits From 
60-Cycle Polarity Characteristics 


Close correlation between impulse 
voltage calibration curves and the 60- 
cycle polarity characteristics makes it 
possible to take from the latter charac- 
teristic curves the sparking distances 
defining each of the four distinct polarity 
ranges for the different sizes of sphere 
gaps. The polarity characteristics at 
60 cycles are readily determined if an 
adequate source of high voltage is avail- 
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Figure 4. Polarity 
limits of spark-over 
in centimeters for 
grounded sphere gaps 
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able. The maximum voltage available for 
this investigation was limited, and hence 
it was necessary to draw upon data 
published by Meador® in 1934 to show 
the polarity limits for the large standard 
sphere gaps. Meador’s results, which 
are the only data published since the 
original paper? in 1930, are the most 
extensive available, but they are not com- 
plete for the large sphere gaps at wide 
spacings. 

The polarity limits of spark-over for 
grounded sphere gaps are shown in 
table I. These data are sufficient to 
determine the upper limit of the very 
important equal positive and negative 
spark-over range for all standard sphere 
gap sizes except the 2-centimeter spheres, 
but they are quite inadequate for the 
other three higher polarity ranges. It 
is hoped that investigators with high- 
voltage facilities available will extend 
and check the existing data. 

The data in table I are shown graphi- 
cally in figures 4 and 5. Figure 4 shows 
that the sparking distance in centimeters, 
marking the upper limit of the equal 
positive and negative spark-over range, 
is a linear function of the diameter of the 
sphere. The equation of the curve is: 


S = 0.267 D + 1.50 (1) 


where 


S = maximum sparking distances, in centi- 
meters, for equal positive and negative 
spark-over. 

D = sphere diameter in centimeters. 


This is a very interesting and important 
relationship, and, if confirmed by more 
complete and extensive data, it shows 
that the more or less generally accepted 
idea that small sphere gaps are useful for 
measuring impulse voltages over a smaller 
per cent of sphere diameter separation 
than large gaps is erroneous. These data 
show that just the opposite is true. If 
the sparking distance S in equation 1 is 
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expressed as a per cent of sphere diameter 
D, the following equation may be written: 


150 


Sp = 26.7 + i. (2) 


where 
Sp = maximum sparking distance, in per 
cent of sphere diameter, for equal 
positive and negative spark-over. 
D = sphere diameter in centimeters. 
From equation 2 it is apparent that 
for small values of D the value of Sp will 
be relatively large, and for large values 
of D, it will approach 26.7 per cent as a 
lower limit. 

The maximum permissible sphere-gap 
spacing to obtain equal positive and 


Figure 5. Polarity 
limits of spark-over 


in table I shows that the 2.54-centimeter 
sphere gap shows no appreciable polarity 
effect until a spacing of 87 per cent of 
sphere diameter is reached, while the 
200-centimeter gap shows a_ polarity 
effect at 28 per cent of diameter separa- 
tion. The maximum sparking distances 
for equal positive and negative spark- 
over, expressed in per cent of sphere 
diameter, are shown graphically in 
figure 5. 

In the light of these data, it is not 
advisable to establish arbitrary sphere- 
gap limits expressed in terms of sphere 
diameter and apply them to all gaps re- 
gardless of size, as has been the practice 
in previous standards for measuring 
high voltage. 

The boundary curves for the low nega- 
tive spark-over range and the transition 
from low negative to low positive spark- 
over are only reasonably well established 
up to 50-centimeter diameter spheres; be- 
yond that point the curves are located en- 
tirely by extrapolation without adequate 
data, and the curves may be very much 
in error. These portions of the sphere- 
gap characteristics are beyond the limits 
that are useful for measuring voltage, 
but it is believed when data are available 
to establish them accurately, they will 
assist in obtaining a better understanding 
of sphere-gap characteristics within the 
useful range. The available data show 
that as sphere gaps increase in size, the 
polarity limits do not increase to the 
proportions that would be expected. 
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negative spark-over voltage within the 
useful range of the gap are given in table 
II. These are calculated values from 
equations 1 and 2 which give the maxi- 
mum spacings in centimeters and in per 
cent of sphere diameter. A comparison 
of the calculated values in table II with 
the experimental values in table I shows 
that the agreement is well within the 
limits of experimental accuracy, 
Reference to the experimental values 
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This may be due, at least in part, to 
abnormal flux distortion because of 
inadequate free space around the large 
gaps. 

When important measurements are to 
be made, a low-frequency polarity charac- 
teristic may be taken on the sphere gap 
in position to determine whether or not 
the polarity characteristics are normal. 
This precaution is important with large 
gaps, because it is a well-known fact 
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that the flux distortion due to the ground 
plane causes the polarity effect, and 
when this distortion is abnormal, stan- 


dard calibration data no longer apply. 


Concluding Summary 


1. The 60-cycle polarity characteristics for 
grounded sphere gaps show four distinct 
polarity ranges: 


I. Equal positive and negative spark-over. 
II. Low negative spark-over. 


III. Transition from low negative to low 
positive spark-over. 


IV. Low positive spark-over. 


2. The correlation of the 60-cycle polarity 
characteristics with the positive and nega- 
tive impulse voltage calibration curves for 
grounded sphere gaps is such that the 60- 
cycle polarity characteristics may be used 
to determine the impulse polarity limits for 
measuring voltage waves that increase from 
zero to flashover in one microsecond or 
more. 


3. All available data show that the maxi- 
mum sparking distance for equal positive 
and negative spark-over is a linear function 
of sphere diameter over the entire range of 
standard sphere-gap sizes. The equation 
for the relationship is: 


SS = 0.267 D + 1.50 


4. Small grounded sphere gaps may be 
used over a greater per cent of diameter 
separation than large gaps without appre- 
ciable polarity effect. 


5. The maximum sparking distance for 
equal positive and negative spark-over 
voltage for grounded sphere gaps, expressed 
as a per cent of the diameter of the spheres, 
is a variable function of the sphere diameter. 
The equation for the relationship is: 


150 
Sp = 26.7 + > 


Therefore, it is inadvisable to establish 
arbitrary sphere-gap polarity limits ex- 
pressed in terms of sphere diameter and 
apply them to all gaps regardless of size. 
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Discussion 


J. R. Meador (General Electric Company, 
Pittsfield, Mass.): This is an interesting 
continuation of the work reported by the 
author and E. C. Starr in 1931. 

I wish to comment on the statement: 


The available data show that as sphere gaps in- 
crease in size, the polarity limits do not increase 
to the proportions that would be expected. This 
may be due, at least in part, to abnormal flux 
distortion because of inadequate free space around 
the large gaps. 


The implications of this statement are 
important to those who expect to use 
sphere gaps over a wide range of gap 
spacings. 

In the tests reported in the writer’s 
paper (‘‘Calibration of the Sphere Gap,” 
J. R. Meador, AIEE TRANSACTIONS, 
volume 53, 1934, pages 942-8) it was found 
that the transition points from partial 
negative spark-over to all negative spark- 
overs (usually near one-fourth diameter 
spacing) and from all negative spark-overs 
to partial negative spark-overs (usually 
near diameter spacing) were not entirely 
consistent. This was particularly true of 
the 61/,-centimeter sphere gap which had 
no all-negative spark-over range. 

In the early part of 1934 the writer made 
a few tests on several sizes of spheres to 
determine the effect of surroundings on 
the spark-over voltage and polarity char- 
acteristics. Some of the results obtained 
may be of interest. 

With 61/,centimeter spheres at 61/,- 
centimeter spacing and the sparking point 
of the grounded sphere 4.1 diameters above 
a flat grounded plate, 100 per cent negative 
spark-overs were obtained. When the 
spacing above ground was increased to 
5.7 diameters, only 80 per cent of the 
spark-overs were on the negative half 
cycle. With four vertical line-potential 
wires spaced ten inches from the center line 
of the spheres, the voltage was approxi- 
mately the same as without shielding wire 
but all spark-overs were positive polarity. 
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In this case the spheres were overshielded. 

Similar effects of shielding were obtained 
with the 12.5-centimeter and 50-centimeter 
spheres. In each case when the shielding 
wires were adjusted to give equal positive 
and negative spark-overs, the 60-cycle 
calibration curve was in close agreement 
with the calculated curve for isolated sphere 
gaps. Similarly, the positive and negative 
polarity impulse spark-over curves were 
practically the same. 

These comments are made to emphasize 
the fact that care must be exercised when 
the spheres are used at spacings above 
'/, to 1/3 of diameter for either low fre- 
quency or impulse measurements, since 
the surroundings may appreciably in- 
fluence the polarity characteristics and 
consequently the spark-over voltage on 
both polarities. 


Abe Tilles (University of California, 
Berkeley): Professor McMillan’s most 
interesting paper presents, logically as- 
sembled, a great deal of useful information. 
It answers numerous questions and raises 
still other questions. 

In the so-called ‘equal positive and nega- 
tive sparking range” of figures 1, 2, and 3 
would it not be more correct to alter the 
nomenclature somewhat? Possibly “range 
of spark-over of both polarities’? would do. 
The curve seems to have a definite structure 
in that range and there seem to be strictly 
“equal” spark-overs only where the curve 
is, within the limits of error, at an ordinate 
of 50 per cent. How well. defined is the 
curve in that region? How many indi- 
vidual spark-overs is it necessary to observe 
to establish a point on this curve? 

In comparing the 60-cycle polarity curves 
of figure 3 for 50-centimeter spheres and of 
figure 2 for 6.25-centimeter spheres an 
upturn is observed at the smallest spacings 
of figure 2. Presumably, for such a curve 
on the still smaller 2.5-centimeter spheres, 
and for measurements at still smaller 
spacings, this upturn might be observable 
in greater detail. It would be of interest 
if Professor McMillan could publish such 
a curve for the smallest spheres and spacings 
at which he obtained data. Small gaps 
may show interesting differences in be- 
havior from large gaps. 

It is clear, I believe, that any appreciable 
even harmonic distortion in the voltage 
wave shape would introduce error into the 
results. In what way, and to what degree 
of refinement, was the voltage wave shape 
controlled or observed? 

In assembling these data Professor Mc- 
Millan has doubtless had occasion to con- 
sider what varying mechanisms of spark- 
over account for the different ‘polarity 
ranges’ at different spacings. It would 
be helpful if he would care to state more 
fully what he considers these mechanisms 
of spark-over to be. 


D. W. VerPlanck (Yale University, New 
Haven, Conn.): As pointed out by Pro- 
fessor McMillan the negative impulse 
spark-over voltage for grounded sphere 
gaps is lower than the positive at inter- 
mediate spacings but becomes higher at 
large spacings. From this, one might 
expect that with alternating voltage in 
the intermediate range of spacings, all 
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spark-overs would have negative polarity, 
and that at the spacing where the impulse 
characteristics cross, the polarity of the 
alternating voltage sparks would change 
abruptly from negative to positive. Ac- 
tually, however, as shown in the paper, the 
transition from negative to positive polarity 
is a gradual one extending over a range 
which includes the spacing at which the 
impulse characteristics cross (see figures 
2and3). That the transition is not abrupt 
may possibly be because of an insufficient 
continuous supply of initiating electrons 
in critical parts of the gap. In this con- 
nection it would be interesting to know 
whether or not McMillan’s data were ob- 
tained from tests on irradiated gaps. 

While the middle of the transition range 
may be at the spacing where the impulse 
characteristics cross, the transition appears 
to begin, as will be shown below, at the 
spacing for which the ratio of positive to 
negative impulse voltage is a maximum. 

The ratio of positive to negative impulse 
spark-over voltage as a function of spacing 
to diameter ratio for the various standard 
sphere sizes is plotted in the figure accom- 
panying this discussion. These curves, 
obtained with the aid of empirical formulas 
presented in a recent paper (“A New 
Correlation of Sphere-Gap Data,’ D. W. 
VerPlanck, AIEE TRANSACTIONS, January 
1938, page 45) are in accord with the re- 
vision of the AIEE proposed sphere-gap 
standards dated December 1937. The 
dashed portions of the curves are extrapola- 
tions by means of the formulas beyond the 
region actually covered by the standards. 
The maxima of these curves occur at 
spacing to diameter ratios shown in 
table I of this discussion, which increase 
with decreasing sphere diameter. An ex- 
amination of Professor McMillan’s figure 5 
shows that the lower boundary of his transi- 
tion region occurs at spacing to diameter 
ratios, also shown in table I, which are 
substantially the same as those for the 
maximum ratio of positive to negative 
impulse voltage. Thus independent evi- 
dence is presented confirming Professor 
McMillan’s results at least to the extent 
of showing that there must be some change 
in the mechanism of sparking commencing 
at about the spacing to diameter ratios 
shown in table I. 

Another, though less definite check is 
that each of the curves showing the ratio 


hl4 


112 


SPHERE DIAMETERS 


RATIO OF POSITIVE TO NEGATIVE 
IMPULSE SPARK-OVER VOLTAGE 


1.02 


fe) 0.2 0.4 0.6 0.8 1.0 
SPACING TO DIAMETER RATIO 


Figure 1 


60 TRANSACTIONS 


Table | 


a 


Spacing to Diameter Ratio 


For Beginning 
of Transition 


For Maximum 
Ratio of Positive 


Sphere to Negative Im- Negative to 
Diameter pulse Spark-over Positive Spark- 
(Centimeters) Voltage over Polarity 
DOO eee. OPO mee ee ene 0.55 
WOR ee eis eee OvG62 oar cae er 0.60 
LOO? Rime eeanies 0); SOs peer asc 0.75 
TO knee. aie eee Var See eA 0.85 
BO deceit ee eee OMe tes: nator 1.0 
Db wae Greater than) W Onmenmmis ltl 


of positive to negative impulse spark-over 
voltage has a point of inflection at roughly 
the same spacing to diameter ratio as the 
lower boundary of the “low negative spark- 
over range’? in Professor McMillan’s figure 
5. This may indicate another change in 
the character of the spark discharge. 


F. O. McMillan: It is suggested by Pro- 
fessor VerPlanck that the rather gradual 
transition from negative to positive spark- 
over may be due to an insufficient con- 
tinuous supply of initiating electrons in 
critical parts of the gap, and he asks whether 
the data were obtained from irradiated 
gaps. The gaps were not irradiated to 
obtain any of the data used, hence the 
initiating electrons were supplied entirely 
by the normal ionization of the air in the 
interelectrode space. Some experimental 
evidence at hand indicates that the number 
of ions present does influence the polarity 
characteristics near the transition regions, 
However, it is believed that the rather 
long transition range between negative 
and positive spark-over is largely due to 
the fact that it occurs over the range of gap 
spacings where the corona discharge and 
spark-over curves are diverging. When 
corona occurs at a slightly lower voltage 
than complete spark-over, voltage dis- 
turbances are set up by the corona that 
cause spark-over to occur on both polarities. 
As the gap spacing is further increased and 
the voltage difference between corona 
formation and spark-over becomes greater, 
the corona streamers on the ungrounded 
sphere reach sufficient length to cause the 
gap to behave somewhat like a point-to- 
plane gap, and the spark-over always occurs 
when the ungrounded sphere is positive. 

The graphs of the ratio of positive to 
negative impulse spark-over voltage as a 
function of spacing to diameter ratio ob- 
tained by Professor VerPlanck from his 
recently developed formulas for sphere-gap 
characteristics lead to conclusions that 
agree remarkably well with the data in 
the paper. This independent evidence 
aids materially in establishing the de- 
pendability of the results. 

A question of nomenclature is raised 
by Doctor Tilles. He suggests ‘‘range of 
spark-over of both polarities’? in place of 
“equal positive and negative spark-over 
range.’’ Whether or not this is desirable 
depends upon the quantities to which 
“equal” is applied. If an equal number of 
positive and negative spark-overs is under- 
stood, the point is well taken; however, 
the expression is used in the paper to state 
that the magnitudes of the positive and 
negative spark-over voltages are essentially 
equal for the range in question. This 
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use is believed to be justified becatise if 
both positive and negative spark-overs 
occur at a given spacing, even though they 
are unequal in number, the magnitudes of 
the positive and negative spark-over volt- 
ages must be essentially equal within the 
limits of measurement, otherwise spark-over 
would occur only on one polarity. 

The ordinates of the polarity character- 
istic curves for the range of gap spacings 
in question are determined by the laws of 
probability and are established by taking a 
relatively large number of observations at 
each point. Usually 25 to 50 observations 
will locate a point reasonably well, but in 
most instances a hundred or more observa- 
tions were made to determine each point 
on the polarity characteristics. 

The 60-cycle polarity characteristics for 
different sizes of grounded sphere gaps 
all show four distinct polarity ranges as 
described in the paper, but the relative 
widths of the ranges vary with the size of 
the spheres as shown by the curves in figure 
5. The upward inflection of the 6.25- 
centimeter sphere-gap polarity character- 
istic at close spacings is characteristic of 
small gaps and is exhibited to an even 
greater degree by the 2.54-centimeter 
sphere gap. The polarity characteristic 
curve for a 2.54-centimeter sphere gap is 
shown in figure 9 of the paper ‘‘The In- 
fluence of Polarity on High-Voltage Dis- 
charges,’”” AIEE TRANSACTIONS, volume 50, 
page 25. 

As Doctor Tilles points out, even har- 
monic distortion of the 60-cycle voltage 
wave shape would introduce errors in the 
results. This was guarded against by 
using an alternator with a good wave form, 
by using field control on the alternator to 
vary the voltage, and by the careful elimi- 
nation of all voltage-distorting phenomena 
such as nonlinear circuit elements and 
corona discharges. 

A gap that is physically and electricaily 
symmetrical does not show any polarity ef- 
fect. The mechanism of spark-over for each 
of the four polarity ranges of the grounded 
sphere gap can, therefore, be accounted for 
reasonably well by the dielectric flux dis- 
tortion due to the ground plane and its re- 
sulting influence onthe ionization phenomena 
in the gap. 

Consider a grounded sphere gap mounted 
perpendicular to the ground plane with the 
spark gap four to five sphere diameters 
above it, and the lower sphere connected 
electrically to the plane. When voltage 
is applied to such a gap, a dielectric field 
is established between the insulated and the 
grounded sphere and also between the in- 
sulated sphere and the ground plane. 

At relatively close spacings, the flux 
between the sparking surfaces of the spheres 
is not appreciably distorted by the ground 
plane; hence, the voltage gradients at the 
sparking surfaces of the two spheres are 
equal and the gap does not show any polarity 
effect. 

When the sparking distance is increased 
beyond a certain value, which the paper 
shows to be a function of sphere diameter, 
the ground plane distorts the dielectric 
field between the spheres to such an extent 
that the gap becomes electrically unsym- 
metrical and a polarity effect results. A 
part of the flux originating on the insulated 
sphere terminates on the grounded sphere 
and a part of it on the ground plane. Be- 
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cause of this flux distribution, the flux 

‘ density and the resulting voltage gradient 
1s greater on the sparking-surface of the 
upper ungrounded sphere than on the 
lower grounded sphere. When the gap 
spacing is further increased, the flux dis- 
tortion and the difference in voltage gra- 
dient at the sparking-surfaces of the two 
spheres becomes greater. 

When the top sphere is negative, the 
electrons in the gap are repelled from it 
toward the bottom grounded sphere. If 
the voltage gradient is sufficiently high, 
these electrons will attain ionizing velocities 
and release more electrons and_ positive 
ions by ionizing the air. The newly 
formed electrons are also repelled and 
produce further ionization as they travel 
toward the positive grounded sphere. The 
original positive ions in the gap and those 
formed by the avalanche ionizing action 
are attracted toward the negative sphere, 
but due to their relatively large mass and 
resulting low velocity, as compared with 
the electrons, a positive space-charge re- 
sults. The maximum ionization and, there- 
fore, the maximum positive space-charge 
will occur in the region of highest voltage 
gradient or near the ungrounded negative 
sphere. This positive space-charge near 
the negative sphere further increases the 
gradient and the ionization in that region. 
As the positive space-charge approaches 
very near the negative sphere, it probably 
ultimately produces a sufficiently high 
gradient to overcome the work function of 
the metal and extracts electrons from the 
sphere. Some of the electrons extracted 
recombine with positive ions, and others are 
projected into the interelectrode space and 
sustain the ionization. This ionization 
process progresses until the entire distance 
between electrodes is ionized, and spark- 
over occurs if the spacing of the sphere 
gap is within the range where the corona- 
formation voltage and spark-over voltage 
are identical. Reversing the polarity of 
the sphere gap, the upper ungrounded 
sphere becomes positive, and the region 
of high-voltage gradient resulting from 
the flux distortion of the ground plane is 
on the upper sphere as before. The elec- 
trons and negative ions are attracted to 
the top sphere, and the positive ions left 
behind by the avalanche process of ioniza- 
tion by collision are near the ungrounded 
sphere as before, but it is now positive 
instead of negative. Under these condi- 
tions, the grounded negative sphere must 
supply the electrons for sustaining a dis- 
charge between spheres. However, the 
negative sphere has a low voltage gradient 
at its discharge surface due to the ground- 
plane flux distortion, and the further fact 
that the point of maximum positive space- 
charge is at the point of maximum ioniza- 
tion near the positive sphere. As a result 
of these conditions, the extraction of the 
necessary electrons from the negative sphere 
to sustain a discharge requires a higher 
voltage when the upper ungrounded sphere 
is positive than when it is negative. There- 
fore, at intermediate gap spacings where 
both corona formation and _ spark-over 
occur at the same voltage, the grounded 
sphere gap sparks over at a lower voltage 
when the upper ungrounded sphere is 
negative than when it is positive. 

At wide gap spacings, where corona forms 
on the ungrounded sphere of the grounded 
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gap at a voltage lower than the spark-over 
value, the characteristics of the gap are 
materially altered. Under these conditions 
the sphere gap takes on the characteristics 
of a gap having electrodes with a very 
marked dissimilarity. The corona stream- 
ers on the top sphere act as points and the 
bottom sphere and ground plane as a com- 
posite electrode. The condition is a com- 
promise between a point-to-sphere and a 
point-to-plane gap. When the ungrounded 
sphere is positive, the free electrons are 
attracted upward toward it and accelerated 
to the ionizing velocity in the region where 
the voltage gradient is sufficiently high. 
These electrons and those liberated by 
ionization, except the ones lost by recombi- 
nation, are conducted away by the positive 
electrode. The relatively immobile positive 
ions not neutralized by recombination are 
left along the ionization or corona-streamer 
paths and form space charges. These 
positive space charges add to the field from 
the positive electrode and extend the ioniz- 
ing gradient at the ends of the streamers 
to greater distances. In this manner 
ionization is progressively extended down- 
ward at the ends of the corona streamers 
until either the gradient at the extreme 
limit of the ionized region falls below the 
critical value or complete spark-over 
occurs, When the ungrounded sphere is 
negative, the free electrons in the surround- 
ing space are repelled downward at high 
velocity producing ionization by collision 
in the region that is above the critical 
gradient. A positive space charge is 
formed near the negative sphere, and a 
negative space charge is formed outside of 
the positive space charge. The field of 
the positive space charge opposes the field 
from the negative electrode which it sur- 
rounds and reduces the resultant electrode 
flux in the area outside of the positive 
space charge. The decrease of flux due 
to the positive space charge around the 
negative sphere reduces the distance to 
which the ionizing gradient extends from 
the electrode and hence increases the 
voltage necessary to cause complete spark- 
over. Therefore, at wide spacings on the 
grounded sphere gap where corona occurs 
at an appreciably lower voltage than com- 
plete spark-over the gap sparks over at a 
lower voltage when the ungrounded sphere 
is positive than when it is negative. 

J. R. Meador in his discussion further 
stresses the importance of adequate clear- 
ance around sphere gaps to avoid abnormal 
flux distortion and the resulting erratic 
characteristics. That point cannot be 
emphasized too strongly, because there is 
no doubt that it is the cause of much 
difficulty with sphere-gap measurements. 

The inconsistencies in the transition from 
partial negative spark-over to all negative 
spark-overs found by Mr. Meador in his 
1934 investigations, which he points out 
were particularly pronounced in the case 
of the 6.25-centimeter sphere gap, merit 
special consideration. In contrast with 
Mr. Meador’s experience, we have always 
obtained polarity characteristics for the 
6.25-centimeter sphere gap that show con- 
sistently a definite range of gap spacings 
over which the spark-over is 100 per cent 
negative. ; 

The change from 100-per-cent-negative 
spark-overs to 80 per cent, when the spark- 
ing point of the ground sphere was raised 
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from 4.1 sphere diameters to 5.7 sphere 
diameters above the ground plate, reported 
by Mr. Meador, probably is not due to the 
change in position of the gap with respect 
to the ground plane. 

During the academic year 1933-34, E. D. 
Harrington and K. M. Klein, students at 
Oregon State College, made a careful in- 
vestigation of the influence of the ground- 
plane position on the polarity character- 
istics of the 6.25-centimeter sphere gap. 
The results of their investigations were 
given in a paper presented before the Port- 
land Section of the AIEE on May 19, 1934. 
They used a vertical gap with the sparking 
surface of the grounded sphere at various 
distances ranging from 1 to 20 diameters 
above a large metal ground plate. The 
polarity characteristics, over this entire 
range of ground-plate positions, each showed 
a definite range of gap spacings over which 
the spark-overs were 100 per cent negative. 
The 100-per-cent-negative spark-over range 
was changed to some extent by the position 
of the ground plane, but typical polarity 
characteristics with four distinct polarity 
ranges were obtained for all ground-plane 
positions, 

In 1935, polarity characteristics were 
taken for a 6.25-centimeter horizontal 
grounded sphere gap. The characteristics 
were taken with the horizontal axis of the 
spheres at both four and five diameters 
above the ground plane. This horizontal 
gap also had typical polarity characteristics 
with the usual four distinct polarity ranges. 

For the past eight years, the polarity 
characteristic of either a 6.25-centimeter 
or a 12.5-centimeter vertical sphere gap 
has been taken each year by students as 
a high-voltage laboratory experiment. 
These polarity characteristics have always 
shown a 100-per-cent-negative spark-over 
range and have been typical in every re- 
spect. 

In view of this evidence, we are forced 
to the conclusion that Mr. Meador’s failure 
to find a range over which the spark-over 
of the 6.25-centimeter gap was 100 per cent 
negative was due to some extraneous cause 
not directly related with the polarity char- 
acteristics of the gap. 

It has been found that it is necessary to 
have the circuit free from corona discharges 
of any magnitude when the polarity char- 
acteristics are taken on small sphere gaps. 
The elimination of corona is important 
because corona discharges cause transient 
disturbances in the voltage that alter the 
polarity distribution of spark-over on 
small gaps. It is possible that either 
corona or some other electrical disturbance 
may account for Mr. Meador’s failure to 
secure any 100-per-cent-negative spark-over 
range on the 6.25-centimeter sphere gap. 

The shielding effects of wires reported by 
Mr. Meador are very interesting and are 
in agreement with the results obtained by 
George M. Chandler in his thesis ‘‘The 
Control of Sphere-Gap Polarity Character- 
istics’? submitted at Oregon State College 
in 1935. Mr. Chandler used one toroidal 
shielding ring around the upper ungrounded 
sphere and in various vertical positions 
with respect to it, and also two toroidal 
rings with one around each sphere of the 
gap. He found that one shielding ring 
properly adjusted around the ungrounded 
sphere was adequate to eliminate the 
polarity effect. 
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Devices for Controlling Amplitude 


Characteristics of Telephonic Signals 


By A. C. NORWINE 


NONMEMBER AIEE 


Synopsis: This paper describes a family of 
devices which automatically respond to 
signals and control the circuit amplification 
in such a way as to improve transmission. 
Their general characteristics are outlined, 
their differences explained, and some of 
their applications are listed. 


HE transmission of speech energy 

over electrical circuits is attended by 
the interesting and sometimes difficult 
problem of preserving the original signal 
in spite of limitations in the transmission 
medium. These limitations include load- 
carrying capacity, interference with other 
service, noise, change in attenuation with 
time, and many others. Because of 
special limitations it is sometimes de- 
sirable to alter the amplitude character- 
istics of the speech or other signal energy 
without, of course, materially lowering 
its intelligibility. In high-quality systems 
the peak voltage from some speech sounds 
of a given talker may be over 30 decibels 
(some 30 times) higher than from his 
weakest sounds when there is very little 
inflection in the speech. Loudness 
changes for emphasis will increase this 
range of intensities. Ordinary message 
systems do not have to contend with 
quite so wide a range of instantaneous 
voltages from a single talker, but differ- 
ent talkers under extreme terminal con- 
ditions produce about a 45-decibel range 
of average voltage, which is additive to 
that for a single talker. Consequently, a 
voltage range of about 70 decibels (over 
3,000 to 1) must be considered for message 
circuits. 

In order to accommodate such ranges of 
intensity to certain transmission media 
such as radio links a new family of auto- 
matic devices has been developed. In 
general all of these contain amplifiers or 
attenuating networks whose loss or gain 
is changed according to some function of 


Paper number 38-115, recommended by the AIEE 
committee on communication and scheduled for 
presentation at the AIEE Pacific Coast convention, 
Portland, Ore., August 9-12, 1938. Manuscript 
submitted May 31, 1938; made available for pre- 
printing July 8, 1938. 


A. C. NoRwinz is a member of the technical staff of 
the Bell Telephone Laboratories, Inc., New York, 
N. Y. 


2. For all numbered references, see list at end of 
paper. 
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the applied input and which may have a 
variety of time sequences in their control 
circuits. It is hoped that by the classifi- 
cation and description of some of these 
devices their distinguishing character- 
istics and fields of usefulness will be made 
somewhat clearer. We are to be con- 
cerned here principally with those ele- 
ments allied to the telephonic art, al- 
though some applications are to be found 
in other fields. It is not intended to in- 
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on their distinctive qualities, with notes 
on their variants which have some ap- 
parent value. 


General Characteristics 
of Volume-Controlled Devices 


In figures 1 to 10 are shown simplified 
diagrams of some of these devices. While 
detailed descriptions of them will be de- 
ferred till later it may be pointed out that 
all those shown contain ‘‘vario-lossers,”’ 
and all have paths from the main trans- 
mission path to control circuits which 
affect the vario-losser. A  vario-losser 
usually consists of a balanced pair of 
vacuum tubes whose gain is changed by 
varying the grid bias or a network of non- 
linear elements such as copper oxide or 
silicon carbide whose loss is changed by 
varying a current through them. In 
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Figure 2. Half vogad 


clude those voice-operated functions 
which are essentially switching opera- 
tions although the distinction in some 
cases becomes exceedingly fine. 

Names of volume-controlled devices* 
which have been used in published papers 
include vogad, t?~4 compandor, **®)§ and 
volume limiter.’7 Without direct com- 
parison it may not be obvious how these 
and similar devices differ. First the ap- 
parent similarity of several of these de- 
vices will be shown in simple diagrams. 
Next the more important characteristics 
of a number of devices will be presented 
in tabular form, followed by descriptions 
of the different types. These will then 
be discussed with particular emphasis 


* See the footnote on page 63. 

Tt ‘“‘ Volume-operated gain-adjusting device.” 

** A combination of the names compressor and 
expandor. 
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some special cases it may be a mechani- 
cally adjusted variable network. The 
word ‘“‘vario-losser”’ is thus a generic 
term relating to a circuit whose loss or 
gain is controllable. A control circuit 
ordinarily consists of an amplifier and rec- 
tifier whose d-c or a-c output bears a 
chosen relation to its input. Thus some 
control circuits are marginal; they pro- 
duce no control voltage till the input ex- 
ceeds some critical value, then produce 
large control voltages for small additional 
increments of input. These are used, for 
example, when it is desired to limit the out- 
put of a vario-losser to a definite amount. 
Another type of control circuit produces 
a current or voltage which is linear with 
input expressed in decibels. In combina- 
tion with a vario-losser whose gain is a 
linear function of control current or 
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viz., ‘‘volume,”’ ‘‘syllabic power,” ‘“‘voltage,’’ etc. 


** It is important to note that these ranges are measured in the same units as the respective control circuits measure: 


voltage one can produce a device whose 
gain is a linear function in decibels of 
the input to the control circuit. 

It will be recognized that if the ap- 
plication or removal of the control energy 
is retarded, the action of the control cir- 
cuit may be made quite different on 
transient inputs than on steady-state in- 
puts. It will appear later that this is the 
important distinction between some of 
the devices to be discussed and that 
fundamental differences in their function- 
ing are thus brought about. 

Referring to the figures once more it 
will be noted that some control devices are 
connected to the transmission path at the 
input to the vario-losser. These are 
known as “forward acting’ control cir- 
cuits. Other controls, connected at the 
vario-losser outputs, are known as “‘back- 
ward acting” control circuits. This is 
simply convenient terminology to indicate 
whether the control energy is progressing 
in the same direction as the main trans- 
mission or is progressing in a backward 
direction after traversing the main path, 
usually through a vario-losser. Some 
backward-acting controls function to 
measure the output of the devices con- 
taining them and to make whatever ad- 
justments are required. Others are placed 
in that position to take advantage of the 
vario-lossers in the transmission paths, 
i.e., such controls could be replaced by 
combinations of forward-acting controls 
and extra vario-lossers. 

In table I, nine of the volume-controlled 
devices* which have been developed for 
various commercial and experimental 
uses are listed with the functions of volt- 
age, time, and frequency which are em- 
ployed to obtain their respective perform- 
ances. There is, of course, some latitude 
in the choice of these functions for any 
one device. Pending more complete de- 
scription of the different types in the fol- 
lowing paragraphs this table should be 
viewed as illustrating the general char- 
acter of the different circuits and also the 
range of the variables which already have 
been employed. For example, it will be 
seen that instantaneous voltage of the 
signal wave, its short-time average value, 
peak power, syllabic variations, and long- 
time average power have all been used 
as criteria of gain settings in different 
circuits. Some devices change their ad- 
justments only when critical values or 
ranges are exceeded, while others vary 


* The names employed do not follow an entirely 
logical classification, but they are given here be- 
cause they have had considerable usage. For the 
same reason the term ‘‘volume-controlled devices’’ 
is used, although to be strictly correct it might 
better be ‘‘sound-energy-controlled devices,’’ for 
example, for not all the devices operate in accord- 
ance with ‘‘yolume’’ as measured by the well- 
known class of visual-reading meters called ‘‘vol- 
ume indicators.’’ 


TRANSACTIONS 63 


somewhat with every syllable if speech, 
for example, is being transmitted. Some 
are linear transducers to all but low or 
high amplitudes while others reduce or 
increase the output range from that at 
the input. It will be seen that proper 
choices of times for gain increase and gain 
decrease in combination with certain 
gain-control criteria make possible a wide 
variety of signal-altering means to meet 
different requirements. 


Description of Devices in Table I 


With this introduction to the combina- 
tions of characteristics which are possible 
it should be less difficult to distinguish 
between the specific devices discussed in 
the following paragraphs, which in addi- 
tion to describing the devices, contain 
some comments which should assist in 
visualizing their forms and their opera- 
tion. 


1. The vogad (figure 1) is a device which 
will maintain at its output speech volume! 
which, over a certain range of input, is 
relatively independent of the speech volume 
applied to its input and which, in the ideal 
case, will not change its gain during periods 
of no speech input. It makes little or no 
alteration in the ratios of maximum and 
minimum instantaneous-to-average voltages 
of the speech. 


2. The volume limiter (figure 3) is a device 
which is a linear transducer for all speech 
volumes up to a critical value, beyond which 
all input volumes produce essentially the 
same output volume. It is essentially differ- 
ent from the vogad in that its gain ap- 
proaches the maximum value when input is 
removed. 


3. The compandor (figures 4 and 5) is 
composed of a compressor and an expandor. 
A compressor is a device whose input-output 
characteristic on a decibel scale has a slope 
less than unity* and whose gain or loss is 
variable under control of the input energy 
at a time rate which will permit it to follow 
the syllabic rate of change of speech energy. 
Similarly, an expandor is a device whose in- 
put-output curve has a slope greater than 
unity and whose gain is variable at a syllabic 
rate under control of the input energy. 
Thus very shortly after all input is removed 
the gain of a compressor is maximum and 
the loss of an expandor is maximum. The 
reciprocal of the compressor characteristic 
slope is spoken of as the compression ratio, 
and the slope of the expandor characteristic 
is spoken of as the expansion ratio. 


4. The radio noise reducer®® (figure 6) 
combines the functions of an expandor which 
operates in the range of amplitudes where 
noise and weaker speech sounds lie and a 
linear transducer which comes into play for 
all amplitudes exceeding a critical value, 
which can be set to best suit the atmos- 
pheric noise conditions. In other words, 
the radio-noise reducer is a limited-range 
expandor. Inputs which are below the ex- 
pandor range are subject to transmission 
at the minimum gain. 


* That is, if the input increases by x decibels the 
output increases by less than x decibels. 
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5. The limited range compressor (figure 7) 
is a device whose operating range includes a 
region within which compression at a syl- 
labic rate can take place; at other inputs 
the device is a linear transducer. Its con- 
necting diagram and time functions are the 
same as those shown in figure 5 except that 
the control circuit contains a limiting de- 
vice, so that compression takes place in only 
a portion of its input range, analogous to 
the action of the limited-range expandor of 
figure 6. Asa special case the limited range 
compressor may have no linear range above 
its compression range, thus becoming one 
type of peak limiter. 


6. The peak limiter (figure 8) is a device 
whose gain will be quickly reduced and 
slowly restored when the instantaneous peak 
power of the input exceeds a predetermined 
value. The amount of gain reduction is a 
function of the peak amplitude, and in prac- 
tice is usually intended to be small to pre- 
vent material reduction of the range of in- 
tensity of the signal. 


7. The peak chopper (figure 9) is a device 
which prevents transmission of peak am- 
plitudes exceeding a critical amount, an 
essential characteristic being that the loss 
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it inserts is completely determined by the 
instantaneous voltage of the signal; that is, 
its operating and releasing times are sub- 
stantially equal to zero. 


8. The cross-talk suppressor (figure 10) is 
a device which normally presents a pre- 
scribed loss to transmission, which loss is re- 
moved rapidly when the input amplitude ex- 
ceeds a certain threshold and is reinserted 
at a definite time after the input is removed. 
It reduces low-amplitude unwanted currents 
such as cross talk but does not affect am- 
plitudes in the useful signal-voltage range. 
This device differs from the limited-range 
expandor in that the time during which the 
low-loss condition is maintained is consider- 
ably greater, so the transition from one gain 
to the other occurs less frequently. 


9. <A rooter is an instantaneous compressor. 
Such a circuit can be made to produce an 
output whose instantaneous voltage is, for 
example, the square root or some similar 
function of the instantaneous voltage ap- 
plied to the input. An inverse rooter is an 
instantaneous expandor whose character- 
istic is complementary to that of the rooter. 
A combination of rooter and inverse rooter 
will reduce the load requirements on a trans- 
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mission system between the two units but 
requires that it transmit a wider band of 
frequencies than that for the original sig- 
nal, and that it be essentially free from phase 
distortion. This does not seem to be an at- 
tractive arrangement from a commercial 
viewpoint and is included here simply as an 
illustration of one of the possible modifica- 
tions of signal energy. It is not shown in 
the group of diagrams. 


Variants to the Devices Described 


In addition to these there are various 
devices which are essentially modifica- 
tions of those described. For example, 
a half vogad, figure 2, may have the 
same time functions as a vogad, figure 1, 
but the gain changes in the transmission 
circuit are half as great for the same 
range of input volumes. Thus in a vogad 
the range of gain changes in the trans- 
mission circuit is equal to the range of in- 
put volumes, so that the output volume 
is the same for all input volumes. In the 
case of the half vogad the range of gain 
changes in the transmission path is one- 
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half the range of input volumes, so the 
output volume range is one-half that 
of the input. It is also possible to con- 
struct a vogad whose output volume range 
is any desired fraction of the input range. 
As another example of modification of 
the devices described, for special applica- 
tions it may be desirable to incorporate 
a certain amount of syllabic compression 
in a vogad, 

Communication circuits which have 
separate paths for oppositely directed 
transmission between the two terminals 
are usually operated at such an over-all 
loss that with ordinary terminations 
there will be little tendency for circulating 
currents to build up to a “‘singing’’ con- 
dition, Sometimes there may not be a 
great deal of margin, however, so that 
volume-controlled devices added to such 
circuits must add loss at some point to 
counterbalance whatever gain is put in 
at some other point. Thus a vogad in- 
serted at the transmitting side of one 
terminal of such a circuit to amplify 
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Figure 10. Cross-talk suppressor 
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speech energy from weak talkers must be 


supplemented by a “reverse vogad”’ in 
the receiving side of the circuit. The re- 
verse vogad is simply another vario-losser 
which is operated upon by the vogad con- 
trol circuit in such a way that it always 
has a loss numerically equal to the gain 
of the vogad. Any vogad gain will be 
compensated by the reverse-vogad loss, 
so no greater tendency to sing will be 
effected by the addition of the combina- 
tion to the circuit. In like manner half 
vogads must be used with compensating 
reverse half vogads. 

Combinations of some of the devices 
also have interesting characteristics. For 
example, a combined radio-noise reducer 
and peak limiter at the receiving end of a 
circuit would suppress noise and would 
also reduce the amplitude of excessively 
high amplitude signals. Likewise, a 
vogad, compressor, and peak chopper in 
tandem in the order named could be made 
to reduce the range of input signals by a 
very large amount for transmission over a 
medium having only a small range be- 
tween noise and maximum permissible 
signal. In this case it would be practically 
impossible to recover the original signal 
range at the receiving terminal of the 
medium, but the intelligibility of speech 
over such a system has been shown in the 
laboratory to be good. 

Special compandors for high-quality 
service may require compression and ex- 
pansion which varies with frequency. 
The exact characteristics will depend 
upon band width, program material, and 
transmission medium. For transmission 
media in which the noise reproduced at 
the receiving end is principally at the 
higher frequencies an unusual effect is 
obtained if the usual variety of compan- 
dor is used. Low frequencies unaccom- 
panied by high frequencies will cause a 
gain change in compressor and expandor, 
thus changing the background of high- 
frequency noise which is not masked by 
the low-frequency signal energy. The re- 
sulting swishing noise has been given the 
onomatopoeic name of “hush-hush ef- 
fect.’ To avoid this, recourse may be 
had to split-band compandors in which 
the compression and expansion is done 
only at high frequencies or separately 
for low and high frequencies. The suc- 
cessful application of the latter method 
is, however, more difficult than it appears 
from its simple description. 


Distinguishing Characteristics 


It is important to distinguish between 
the half vogad, figure 2 and the compres- 
sor, figure 4. As shown in table I the 
latter operates on syllabic variations and 
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the former on the average volume of the. 
input. Thus the half vogad reduces the 
range of output volumes to one-half that 
at the input while the compressor reduces 
the range of syllabic power at its output 
to one-half that at the input. In other 
words, the compressor reduces the ratio 
of peak to average power on constant- 
volume speech, while the half vogad 
simply adjusts for that volume and does 
not alter the peak ratio. There is, of 
course, the additional important differ- 
ence that the half vogad retains its gain 
setting during silent periods while the 
compressor, by virtue of having followed 
the syllabic power, has its maximum 
gain during silent periods. 

Volume limiters, figure 3, may be mis- 
taken for vogads, figure 1, because during 
speech input above a certain value the 
two may produce the same output vol- 
ume. They both employ something like 
a measurement of average power over 
periods longer than a syllable to deter- 
mine their gain settings. The important 
difference is that a vogad retains its gain 
setting when speech currents are not 
present, while a volume limiter approaches 
its maximum gain during such periods. 
In terms of the output resulting from a 
range of input volumes there is another 
important difference if the volume limiter 
operates over only part of the input range: 
the vogad reduces the width of the distri- 
bution curve of volumes to a very small 
value, while the volume limiter moves 
all the area under the distribution curve 
above a certain point to the region near 
that point, which is its limiting volume. 
This is illustrated in figure 11, in which 
the calculated modifications of a volume 
distribution by a vogad and by a volume 
limiter are shown. 


In the cases ‘‘without volume control”’ 
and ‘“‘with a vogad”’ the distributions are 
normal, and the standard deviation, o, 
has its usual statistical significance. With 
a volume limiter, only volumes above the 
limiting volume are affected, and these 
higher volumes are redistributed accord- 
ing to a normal law whose standard de- 
viation is one decibel, as stated in the 
figure. 

It is also important to distinguish be- 
tween a peak limiter, and a peak chopper, 
figures § and 9. Naturally they resemble 
one another since they are intended to 
permit transmission of signals at higher 
average amplitudes without excessive 
loading of transmission circuits. How- 
ever, they are intended for different 
classes of service and hence are not inter- 
changeable except in some borderline 
cases. For the highest grade of trans- 
mission harmonic production must be 
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negligible and the reduction in amplitude 
range of signals small and infrequent. 
Gain changes must be smooth, though 
rapid enough to compensate for prac- 
tically any input wave to be expected. 
These characteristics are found in the 
peak limiter now being furnished for use 
on program networks and radio trans- 
mitters.1911 For services in which it is 
desirable to maintain the signal energy 
at a high value to override noise and in 
which harmonic distortion must be kept 
low a peak limiter with somewhat smaller 
time constants may be used. A high-ratio 
limited-range compressor might be suit- 
able in this instance. This device would 
lower its gain a little more quickly on 
excessive inputs, and it would also rein- 
sert its gain much more quickly; it would 
affect the naturalness of the sound of the 
signal more than the slower peak limiter 


WITH VOGAD 
(o =1DB) 


WITHOUT 
VOLUME CONTROL 
(O=7 DB) 


RELATIVE FREQUENCY OF OCCURRENCE 


0 a 
VOLUME IN DECIBELS FROM MEAN VOLUME 


but it would also cause the signal to over- 
ride noise somewhat better. In a third 
variety of service the harmonic distortion 
introduced by a limiter is a secondary 
matter, the prime consideration being 
that the peak amplitude of the signal 
shall not exceed a specified value. This 
may be because higher-amplitude signals 
would produce a tremendous increase in 
distortion or cross talk into other chan- 
nels or would damage expensive equip- 
ment farther along in the circuit. For 
these cases we may use the fastest possible 
type of limiter, the peak chopper, which 
simply cuts off any peak exceeding a cer- 
tain value. 

The cross-talk suppressor, figure 10, is 
a splendid example of the fine distinction 
between volume-controlled and voice- 
operated switching devices. This device 
has been described, but in the present 
state of the art its time functions have 
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not been definitely fixed. If the char- 
acteristic of loss versus input is made 
steep enough and the speed of operation 
fast enough it will sound like a switching 
circuit and may in fact be replaced by a 
relay-switched attenuating network. If 
made somewhat slower and given a 
smaller slope of loss versus input it ap- 
proaches the limited-range expandor or 
noise reducer. 


Applications 
and Expected Advantages 


It may be of interest to give some ap- 
proximate figures on the magnitudes of 
the advantages to be obtained by the 
use of some of these devices. It will be 
understood that the values to be given 
are simply illustrative, some having been 
obtained from field service on particular 


WITH VOLUME LIMITERS 
(0 =1 DB FOR VOLUMES 
ABOVE 0, +4,AND +7 DB) 


Figure 11. Modification of volume distribu- 
tion by use of a vogad or a volume limiter 


models and some from tests on laboratory 
equipment under special conditions. 

Vogads appear to be most useful in 
such circuits as transoceanic radio con- 
nections, where it is important to operate 
the terminal switching equipment prop- 
erly and to transmit over the radio cir- 
cuit speech energy from loud and weak 
talkers equally well. It is essential in 
such cases that noise should not be in- 
creased in amplitude during speech 
pauses, hence the gain retaining feature 
of the vogad. On such a circuit a vogad 
will reduce a 45-decibel volume range to 
about two to four decibels. This is 
equivalent to expert manual volume con- 
trol. 

Volume limiters are in use at the pres- 
ent time to prevent peaks of speech 
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: energy in carrier circuits from “splash- 
ing” into telegraph channels.? Some five- 
to ten-decibel limiting is allowed on 
_ loudest talkers, which causes little deg- 
_ radation of the speech channels but makes 
possible the use of telegraph on the same 
carrier system. There is no widespread 
_ use of volume limiters in point-to-point 
_ radio service so far, but in cases in which 
_ there is no disadvantage in raising noise 
in silent periods of speech, such as in push- 
to-talk installations, proper transmitter 
_ loading can be obtained with volume 
_ limiters fairly cheaply. 

One commercial model peak limiter, 
used as part of a program amplifier!!! is 
capable of introducing a considerable 
amount of compression without over- 
loading on peaks, but for the preserva- 
tion of adequate program volume range 
it is being recommended that only three- 
decibel peak limiting be allowed. This, 
of course, reduces the range of intensity of 
the program, but from the standpoint 
of the listeners it is equivalent to dou- 
bling the transmitted power or obtaining 
the same signal-to-noise ratio with half 
the transmitted power. 


Limited-range compressors might be 
used either on land lines to insure full 
loading or on radio links whose fading 
is too severe to permit the use of normal 
compandors. There is no commercial 
application of either sort at the present 
time. Peak choppers are, however, used 
on some high-power radio transmitters 
which might otherwise be temporarily 
disabled by high peaks in the signal being 
transmitted. 

The chief usefulness of compandors is 
on radio links in which the transmission 
of a compressed signal with subsequent 
expansion permits operation through 
higher noise or with lower transmitter 
power. On a long-wave transatlantic 
radiotelephone circuit a compandor with 
40-decibel range has been shown to allow 
an increase in noise of some five decibels 
before reaching the commercial limit.® 
With smaller amounts of noise the noise 
advantage of the compandor approaches 
half its range in decibels. This benefit is 
sometimes applied to a reduction of trans- 
mitter power. 

Radio noise reducers have been used to 
advantage in connection with short-wave 
ship-to-shore and transoceanic radio- 
telephone service. In the former, routine 
transmission rating is given on a judg- 
ment basis using a merit scale from one 
to five, five being practically perfect 
transmission and one so poor that in- 
telligibility is very close to zero. It will 
then be seen that the observed improve- 
ment of one-half to one point in trans- 
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mission rating due to the noise reducer is 
of considerable importance. Perhaps 
more graphic figures are those for trans- 
oceanic service, where the reduction of 
noise in the receiving path not only re- 
duces the noise heard by the listener but 
also improves the voice-operated switch- 
ing with the indirect result that at times 
receiving volume increases of 5 to 15 
decibels are realized.° 

As has been noted, the radio-noise re- 
ducer is a special use of an expandor 
alone. There are also two interesting 
applications for a compressor alone. The 
first, which uses a fairly high ratio of 
compression, has been mentioned as one 
type of peak-limiting device. The 
second, using a moderate ratio of com- 
pression, is in connection with announc- 
ing systems for use in very noisy locations. 
Its effect is to amplify weak sounds more 
than strong sounds, which considerably 
improves the intelligibility through high 
noise. For quiet locations it is of less 
value, since the speech sounds lose some 
of their naturalness in this process. 


Conclusion 


In the course of developing various 
types of the volume-controlled devices 
which have been described means have 
been worked out for providing almost 
any combination of time constants, 
range of control, and other characteristics 
which may be required. Some devices 
for which there were specific commercial 
applications or useful functional char- 
acteristics for experimental work have 
been constructed, with resulting advan- 
tages which have been briefly mentioned. 
There remain many possible ways to alter 
the characteristics of signal energy such 
as speech to which these methods are ap- 
plicable and which await the special needs 
of new transmission problems. 
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Testing and Application of Lightning 


Arresters 


OR some time, information dealing 
F itn the testing and application of 
lightning arresters has been needed. 
The two memoranda presented herein 
entitled “General Guide for Utilities on 
Methods of Testing Lightning Arresters”’ 
and “Factors Affecting Application of 
Arresters” have been prepared by the 
lightning arrester subcommittee* of the 
AIEE protective devices committee and 
provide such information. 


tGeneral Guide for Utilities on 
Methods of Testing Lightning 
Arresters 


At the meeting of the AIEE lightning 
arrester subcommittee in New York, 
January 1937, it was decided that general 
information regarding methods of testing 
lightning arresters should be prepared. 
It was proposed that utilities make tests 
on new arresters, arresters removed from 
lines and accumulated in stock in a routine 
manner, and arresters in service, in order 
to determine the ability of such arresters 
to perform satisfactorily in service, as 
well as to augment, as much as possible, 
the somewhat limited amount of informa- 
tion now available on the subject of test 
limits. 

The scope of this guide is mainly limited 
for the present to line-type arresters rated 
at 15 kv and less, such devices being con- 
structed in accordance with the usual 
ideas of arresters, that is, with character- 
istic element having valve action against 
follow current in series with a gap or set 
of gaps. 

It is desirable to obtain information on 
test methods, results, and characteristic 
limits for line and station type arresters 
rated above 15 kv, in order that this guide 
may later be expanded to include detailed 
information on preferred test methods 
and limiting values for all types and rat- 
ings of arresters. In the meantime for 


Paper number 38-43, recommended by the AIEE 
committee on protective devices and presented at 
the AIEE Pacific Coast convention, Portland, 
Ore., August 9-12, 1938. Manuscript submitted 
December 27, 1937; made available for preprinting 
April 12, 1938. 


7 Prepared under the sponsorship of Herman 
Halperin. 


* Personnel of the AIEE lightning arresting sub- 
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R. H. Earle, I. W. Gross, Herman Halperin, C. F. 
Harding, K. B. McEachron, J. R. McFarlin, A. M. 
Opsahl, A. H. Schirmer, H. K. Sels, L. G. Smith, 
A. H. Sweetnam, and J. J. Torok. 
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arresters rated above 15 kv, it will usually 
be preferable to obtain the assistance of 
the manufacturers in connection with the 
test methods to use and the interpreta- 
tion of test results. 

It is expected that, after more experi- 
ence is obtained, the outline of test 
methods and the data on test limits will 
be expanded and improved as informa- 
tion becomes available. 


Impulse Tests 


Impulse tests are used to determine the 
surge protective characteristics of ar- 
resters, while 60-cycle tests indicate the 
internal condition of arresters and the re- 
lation of breakdown voltage to rated 
voltage. Impulse tests on new and used 
arresters should follow, in general, the 
test method prescribed in AIEE Standard 
No. 28. To determine the condition of 
the arrester when new or when removed 
from service, an impulse should be ap- 
plied to the arrester and breakdown and 
impedance drop voltages obtained by 
means of a cathode-ray oscillogram. 
These values should be compared with 
corresponding values for new arresters 
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as given for 3- to 15-kv arresters in the 
paper “Distribution Lightning Arrester 
Performance Data,” ELECTRICAL ENGI- 
NEERING, May 1937, page 576, or as 
furnished by the arrester manufacturer 
for all ratings. ; 

To determine the ability of an arrester 
to operate satisfactorily in service without 
change in its characteristics, the AIEE 
standard operating-duty test (AIEE 28- 
234) should be applied. As this test re- 
quires that the arrester be subjected to 
60-cycle voltage during the application 
of impulses, it may be feasible to make 
such tests while the arrester is connected 
to the lines. 


60-Cycle Tests 


Test CIRCUIT 


Three suitable circuits for conducting 
tests at 60 cycles on arresters are illus- 
trated in the attached figure 1. These 
circuits are essentially similar, comprising 
means for applying a variable voltage up 
to the breakdown voltage of the arrester, 
and meters for indicating the voltage ap- 
plied to, and leakage current through, the 
arrester. An essential part of the test 
set is a current-limiting resistor R, lo- 
cated in either the low-voltage or high- 
voltage side of the test circuit, of such 
value as to limit the current during break- 
down to a value which will not damage 
the arrester. Limiting values of from 3 
to 15 milliamperes through the arrester 


SHIELOSN, [ JARRESTER UNDER TEST 


! 
| 
| 0.5/5/50 

H ' MILLIAMPERE 
' | METER 

| 


R{ = 300,000 OHMS PER 

KV OF ARRESTER RATING 
R2=30,000 OHMS 
R3= 200,000 OHMS 


R3 


MICROAMMETER 


SPECIAL NEON LAMP 


ARRESTER 


| MICROAMMETER 
| VACUUM- TUBE 
IBRIDGE CIRCUIT 
! WITH GALVA- 
; NOMETER 


NOTE: VALUE OF Rj IS SUCH AS TO LIMIT CURRENT DURING BREAKDOWN 


lightning arresters TO MANUFACTURER’S RECOMMENDED SAFE VALUE FOR 
ARRESTER 
(ABOUT 3 TO 15 MILLIAMPERES FOR VARIOUS TYPES) 


Lightning Arresters 


ELECTRICAL ENGIN EERING 


i 
- 
| 


have been used or suggested. For the 
test circuit shown as method B, the 
limiting leakage current during break- 
down may be as lowas three milliamperes. 
For testing arresters with different voltage 
ratings, the resistance should be variable 
or provision made for the insertion of 
resistors of proper values. 

For methods A and B, the drop of 
voltage in the resistor R, in the circuit 
directly including the arrester should be 
taken into account in determining the 
voltage across the arrester. 


Control of the test voltage may be ac- 
complished by either a regulator or a 
potentiometer. If a voltmeter coil in the 
test transformer or a separate potential 
transformer is used to measure the ap- 
plied voltage, the voltmeter should pref- 
erably be calibrated against the crest 
voltage applied to the arrester, but should 
give readings of root-mean-square values 
of the equivalent sine wave. 


In one of the circuits shown, a neon 
tube is used to detect breakdown; the 
others use the voltmeter or microam- 
meter indication. For the latter case 
the meter should be able to withstand 
the current during breakdown without 
being damaged. This meter, to accomplish 
its primary purpose of measuring leakage 
current through the arrester, should have 
a range of from about 10 microamperes 
to 3 or 5 or 15 milliamperes. 

Care should be taken that stray elec- 
trostatic fields or capacitive currents do 
not affect the leakage current measure- 
ments. This may be prevented by 
suitable shielding, as indicated in two 
of the sketches, or by physically isolating 
the microammeter and arrester from each 
other and from the remaining testing 
equipment. If desired, the arrester under 
test may itself be shielded by placing it 
in a grounded metal box. 


TEST PROCEDURE 


1. In 60-cycle tests, there must be 
no other voltage on the arrester than the 
test voltage. This means that, for ar- 
resters installed on the system, the ar- 
rester must be disconnected from the lines 
before being tested for breakdown voltage. 


Sixty-cycle leakage current measure- 
ments at operating voltage, however, 
can possibly be made on the arrester as 
installed. Due to the necessity for careful 
shielding against stray fields, such testing 
of arresters in service should be considered 
as developmental work and investigated 
by each utility planning tests on installed 
equipment. 

2. With the microammeter in the test 
circuit, the leakage current through the 


FEBRUARY 1939, VoL. 58 


arrester is usually measured at the rated 
voltage of the arrester, 

3. The microammeter is either cut out 
of the circuit or shunted by resistance. 
The test voltage is then gradually in- 
creased to the breakdown point of the ar- 
rester. The breakdown voltage and 
breakdown characteristic (whether sharp 
or gradual) are indicated by the neon 
lamp, if used, or by the voltmeter or 
shunted microammeter. 


SUGGESTED Test Limits 


Insufficient data are as yet available to 
indicate sharply the test limits differ- 
entiating between satisfactory and un- 
satisfactory arresters removed from ser- 
vice. For satisfactory three-kv line type 
arresters, one utility has found from its 
experience and examinations of used ar- 
resters that the upper limit of leakage 
current should be about 150 microamperes 
at the normal operating voltage, that is, 


Figure 2. Compari- 
son of leakage cur- 
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Table | 
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Usual Limits of 60-Cycle 


Breakdown Voltages (Kv-RMS) 
Rated Voltage 


(Ky) Minimum Maximum 
Sa Qe OG Aank oehe eee 9 
ae ON as nce ea aed 18 
{Tan LB; Disramvaeec tater 27 

NR 1 De ee Ns eA 36 
LOM Gate eee te Ras Oleic eae: 45 


Due to the differences in designs, it 
will probably be desirable to determine 
the ratios for each manufacture, type, and 
vintage of arrester. 

It has been found occasionally for 
modern arresters, especially for some re- 
moved from service, that the 60-cycle 
breakdown voltage for satisfactory ar- 
resters has been outside the limits given 
in the above table. In such cases the 
variation is usually on the low side; that 
is, the 60-cycle breakdown was found to 
be 1.2 to 1.4 times the rated voltage. 


rents of used three- 


kilovolt arresters with 
condition of gap 
found on examina- 
tion 

Each symbol repre- 1000 
sents a different type 
of arrester 


a 


100 


JEUPPER LIMIT OF ALLOWABLE LEAKAGE _ 
CURRENT (150 MICROAMPERES) 


LEAKAGE CURRENT AT 2300 VOLTS, 60 CYCLES — MICROAMPERES 


SATISFACTORY 


2,300 volts. For other voltage ratings, 
this value might be subject to modifica- 
tion because of varying ratios of test (or 
operating) voltage rating. Further work 
seems necessary to establish proper values 
for all voltages. 

Arresters of modern manufacture gen- 
erally have 60-cycle breakdown values 
between 1.5 and 3.0 times the rated ar- 
rester voltage. These ratios result in the 
limits shown in table I. 


Lightning Arresters 


SLIGHTLY 
CORRODED 


VERY BADLY 
CORRODED 


CORRODED BADLY 


CORRODED 


For arresters of older designs, the 
limits of 60-cycle breakdown voltages 
have been found for apparently satis- 
factory arresters to vary between 1.1 and 
3.5 times the rated voltage. Usually, 
however, the test limits have been be- 
tween 1.5 and 3 times the rated voltage. 
The outstanding exception, however, has 
been reported for some old three-kv ar- 
resters of two types where the breakdown 
voltage for apparently satisfactory ar- 
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resters has been found to be as high as 
about five times the rated voltage. 

In order to set up adequate test limits, 
both for leakage current and for break- 
down value, which may be used to differ- 
entiate between satisfactory and defective 
arresters, it is suggested that each utility, 
in the preliminary stages of its 60-cycle 
arrester testing, conduct an investigation 
on the various classes of arresters re- 
moved from service. The recommended 
procedure is to test each arrester, then 
dissect particularly those having suspi- 
cious test values, and inspect for internal 
defects. The attached figure 2 indicates 
the procedure followed by one utility, for 
example, in determining the proper maxi- 
mum limit of leakage current for three-kv 
line-type arresters. The values given 
above for breakdown voltage limits should 
also be checked in a similar way and 
modified, if necessary. 

As a guide in analyzing the data ob- 
tained in examinations of dissected ar- 
resters, the various test indications are 
listed below with the conditions which 
generally cause them: 


High Breakdown Voltage 


Fundamental arrester design. 
Gap electrodes burned away in service. 
Loss of characteristic element material. 
Destruction of internal parts. 


Low Breakdown Voltage 


Gap electrodes welded or short-circuited in 
service. 

Gap electrodes short-circuited by corrosion 
products. 


Unsatisfactory Discharge Action on Break- 
down (gradual breakdown, or high resistance 
after breakdown) 

Fundamental arrester design or assembly. 
Change in characteristic element. 
Corrosion. 


Excessive Leakage Current 


Corrosion of gap assemblies 
cause). 
Gap electrodes welded or short-circuited. 


(principal 


Radio-Interference Tests 


If frequent cases of radio interference 
are caused by lightning arresters, then 
in addition to the 60-cycle tests de- 
scribed above, it is suggested that radio- 
interference tests be made on arresters 
with rated voltage applied. Tests should 
be made in accordance with Edison Elec- 
tric Institute Publication No. C-9 “‘Meth- 
ods of Measuring Radio Noise.”’ 


Correlation of 
Surge and 60-Cycle Data 


In order to determine whether any cor- 


relation exists between surge data, 60- 
cycle data, and arrester condition, it is 
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suggested that, where facilities are avail- 
able, arresters be tested by both methods. 
The greatest amount of information is to 
be obtained by testing arresters which are 
to be dissected for examination. 


Co-ordination of Data 


Data covering the testing experience of 
each utility should be forwarded for co- 
ordination to the subject committee 
sponsor, Herman Halperin, Common- 
wealth Edison Company, Chicago, IIl. 
Such data should include the following: 
testing circuits and methods, limits of 
and detailed data used in arriving at 
limits of acceptable test characteristics, 
correlation of surge and 60-cycle data, 
and general test results and conclusions. 
It is also desirable to follow and report 
on the protective performance obtained 
in service with used arresters which were 
tested before reuse. 


*Factors Affecting Application of 
Arresters 


A great deal has been published in 
technical papers and manufacturers’ bul- 
letins about the application of lightning 
arresters. There are a number of factors 
involved, many of which have been dis- 
cussed in other papers. Some of these 
more important factors are: 


(a). Characteristics of equipment to be 
protected. 


(6). Performance characteristics of arres- 
ters. 


(c). Margin between arrester performance 
and equipment characteristics. 


(d). Deterioration of arresters and equip- 
ment. 


(e). When to use line-type or station-type 
arresters. 


(f). Influence of circuit feet between arres- 
ter and equipment to be protected. 


(g). Influence of multiple arresters. 


This memorandum deals only with the 
selection of arrester ratings and methods 
of connection for distribution transformer 
protection. Certain factors such as when 
to use line-type versus station-type ar- 
resters, influence of distance between ar- 
resters and protected equipment, and 
influence of multiple arresters, are largely 
matters of individual application. 


Selection of Arrester Rating 


The principal factors that should be 
considered in the selection of the rating 


———— ee eee 
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Lightning Arresters 


of a surge protective device, such as a 
lightning arrester or a gap, are: 


(a). The maximum dynamic voltage which 
may occur between sound phase and ground 
under any fault conditions. The device 
should withstand this voltage without fail- 
ure. 

(b). The efficacy of the protective device in 
maintaining a low protected level and at 
the same time meeting satisfactorily the 
system operating requirements. The im- 
pulse volt-time characteristics of the device 
must be below that of the equipment to be 
protected. 


(c). The surge current which must be 
satisfactorily discharged. The thermal 
ability of the device must be adequate for 
the currents expected, and the voltage drop 
across the arrester during discharge must 
be sufficiently low to provide satisfactory 
protection. 


The voltage rating of an arrester repre- 
sents the maximum dynamic voltage 
which the arrester can withstand con- 
tinuously and which it can interrupt after 
functioning. The arrester rating must be 
not less than the maximum dynamic volt- 
age which may occur between the ar- 
rester terminals during disturbances, al- 
lowing for the power system neutral 
being isolated, or grounded, as the case 
may be, and considering the actual 
maximum operating voltage. Allowance 
must also be made for the voltage re- 
covery rate and any overvoltage condi- 
tions which may exist due to the over- 
speeding of hydroelectric generators, etc. 
The protection afforded by a lightning ar- 
rester is approximately proportional to its 
voltage rating and, therefore, it is im- 
portant to use an arrester of as low a 
voltage rating as possible. 


The normal “full voltage” rated ar- 
rester is designed to operate on an un- 
grounded or isolated neutral system 
where the voltage existing between line 
and ground may at times equal the normal 
line-to-line voltage. The arrester rating 
selected is generally five per cent or more 
above the maximum operating line-to- 
line voltage. Under favorable conditions 
where the system neutral is effectively 
grounded, better protection can be ob- 
tained by the use of an arrester having 
a reduced voltage rating, provided the up- 
per limit of dynamic voltage of the ar- 
rester is not exceeded under any operating 
or fault condition. In the past, “grounded 
neutral” arresters have had voltage rat- 
ings approximately 80 per cent of the 
“full rated” arresters. This gave a wide 
margin above the normal system line-to- 
neutral voltage but a margin which is re- 
quired to allow for fault voltages, ete. 

For the purpose of determining the 
allowable arrester voltage rating, the 
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maximum dynamic voltage which may 
_ occur during fault conditions between the 
sound phases and ground may be cal- 
p culated by the method of symmetrical 
_ components (‘“‘Symmetrical Components” 

by Wagner and Evans, McGraw-Hill 

Book Company). Under certain condi- 


I. 
NON- INTERCONNECTION 


NEUTRAL ~ Y SYSTEMS 
“PHASE -A SYSTEMS 


TRANSF. CASE 


* TRANSFORMER TANK MAY BE: 
A. ISOLATED OR, 


B. CONNECTED DIRECTLY TO ARRESTER GROUND OR, 
C. CONNECTED THRU GAP TO ARRESTER GROUND. 


tions, a two line-to-ground fault may be 
slightly more severe than a single line-to- 
ground fault. 

Arresters of reduced voltage rating 
should not be applied except where the 
neutral is “effectively grounded” and the 
following conditions are met: 


(a). The neutral of that portion of the 
system must be grounded at all times and 
under all operating conditions. 


(b). The ratio of zero sequence reactance 
(including neutral reactance) to positive 
sequence reactance or negative sequence 
reactance Xo/X, or Xo/X2 must be equal 
to two or less under the most severe fault 
conditions. Due consideration must be 
given to the circuit impedance as affected 
by sequential operation of circuit breakers. 


It is recommended that the arrester 
voltage rating be at least ten per cent 
above the calculated maximum sound 
phase voltage to ground. 

As a rough rule of thumb, in many 
cases, it will be found that: 


1. If Xo/X:1 = 2 or less, an 80 per cent 
arrester may be used. 


Oo) ATE Xo/X1 = 1 or less, a. 70. per cent 
arrester may be used. 


These latter percentages should be applied 
to the maximum root-mean-square line- 
to-line voltage, which may exist under 
the most unfavorable operating condition, 
in determining the allowable arrester rat- 


ing. 
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Connections of Lightning Protective 
Equipment on Distribution Circuits 


The problem of protecting transformers 
against lightning is essentially a question of 
definitely limiting the surge voltage stress 
on the transformer insulation to values 


2; 
SOLID INTERCONNECTION 


GROUNDED 


ARRESTER 


SECONDARY 
NEUTRAL 
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GROUNDED 


SPARK P-Y S$ 
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perienced. The benefits to be derived 
from interconnection are not limited to 
single-phase installations, but may be ex- 
tended to include the customary poly- 
phase installations as well. 

It is not essential to permanently 
ground the transformer tank, from the 
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# FOR THE COMMON PRIMARY & SECONDARY 
NEUTRAL CONNECTION, THE PRIMARY ARRESTER 
OR SPARK GAPS CONNECTED TO THE NEUTRAL 


LIGHTNING ARRESTER 
~ NEUTRAL>|PHASE 


PRIMARY. 


that it can withstand by the proper use 
of arresters or gaps, while coincidently 
providing a suitable path to ground for 
the surge. 

Conventional practice provides a more 
or less suitable ground path for the surge 
by the use of lightning arresters or gaps 
connected between line and ground, but 
does not provide for the coincident neces- 
sity of definitely limiting the voltages that 
can appear across the transformer in- 
sulation during the surge discharge, ex- 
cept in the limiting case of negligible ar- 
rester ground resistance. As a conse- 
quence, primary to secondary flashovers 
frequently occur, resulting at least in 
blown transformer fuses with attendant 
service interruptions, if not in equipment 
failure, etc. 

By providing suitable “interconnec- 
tion’ between arresters, secondaries, and 
tanks, the surge potential across the trans- 
former insulation may be limited to the 
voltage drop across the terminals of the 
protective devices themselves which, in 
the event the latter are suitably chosen, 
will eliminate the great majority of the 
transformer service outages otherwise ex- 
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WIRE WILL BE OMITTED AS SHOWN BELOW. 


Distribution-transformer-protective 
schemes 


Figure 3. 


Overcurrent protection may be internal or 
external to transformer 


standpoint of protecting the transformer 
itself. While interconnection eliminates 
the arrester ground resistance as a factor 
in the protection of the transformer itself, 
the necessity of providing a low resistance 
path to ground in order to finally dispose 
of the surge is just as important as ever. 
There are various ways of connecting 
arresters and gaps between distribution 
transformer leads, the tank and ground. 
Also, different nomenclature has been 
used to describe these various connections. 
In order to avoid lengthy descriptions or 
drawings every time a certain connection 
scheme is mentioned, it is very desirable 
to adopt a uniform system of titles. 
Figure 3 shows the more common con- 
nections used for protecting distribution 
transformers. The numerous schemes of 
connections have been grouped into three 
general classes and each class subdivided 
to cover the more detailed connections. 
This method of identification makes it 
possible to describe the scheme of con- 
nections used by simply stating whether 
a “non,” “solid,” or “gapped” intercon- 
nection is used and whether the trans- 
former tank is isolated, grounded, or 
connected to ground through a gap. 
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An Application of Deceleration 
Test Methods to the Determination 


of Induction-Motor Performance 


By RAYMOND W. AGER 


ASSOCIATE AIEE 


ETARDATION tests have been 

used by industry for a long time. 
They have found their main applications 
in the determination of certain machine 
losses, usually friction and windage and 
core loss. The machines to which these 
methods have been applied have ordi- 
narily had large mass and low rotational 
losses with the result that a considerable 
time would elapse between the time the 
power was shut off and the time the ma- 
chine would come to rest. By proper 
selection of equipment and analysis the 
same methods may be applied to much 
smaller machines having relatively short 
stopping periods. In the present instance 
the methods have been applied to two 
double squirrel-cage induction motors, 
one a 7!/:-horsepower 6-pole machine, 
and the other a 5-horsepower 4-pole 
machine. In each case the inertia was 
increased to about twice that of the mo- 
tor alone by the use of a small flywheel. 
A similar analysis has been applied to ac- 
celeration tests on these two motors in 
which the motors were started at reduced 
voltage. By combining the acceleration 
tests with the decleration tests the speed- 
torque curves of the motors have been ob- 
tained. It is hoped that the discussion 
of the difficulties and the results of these 
tests will help to indicate the value and 
limitations of the methods as applied to 
similar determinations in this and other 


fields. 


Quantities Involved 
and Their Measurement 


There are five quantities involved in 
deceleration tests. These are inertia, 
time, position, velocity, and acceleration. 

Inertia may be determined by calcula- 
tion or test with the required accuracy. 
Its determination is not considered a part 
of this paper. 

Time may be measured with extremely 
high accuracy. In the measurement of 
very short periods of time, however, a 
high-grade stop watch is almost useless 
since the registration does not go below 
one-fifth second. The synchronous clock 
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will give indications to as fine a subdi- 
vision as desired but this indication can 
be relied upon only if the driving source 
has constant frequency. Some power 
systems are operated with a frequency 
control of sufficient accuracy for these 
measurements. One should not assume 
that the power frequency is constant just 
because electric clocks keep good time. 
Satisfactory time service for general use 
does not necessarily indicate that mo- 
mentary or continuous fluctuations in 
frequency are absent. If the power- 
system frequency is not constant some 
other driving source for the clock should 
be used. 

Position also can be measured with 
very high accuracy. Using a relatively 
small dial attached to the motor shaft, 
the rotor position can be estimated to 
0.01 revolution. By increasing the dial 
size the position can be determined with 
greater accuracy. 

Velocity is a derived quantity and can- 
not be measured directly with the ac- 
curacy with which one can measure funda- 
mental quantities. Tachometers, whether 
electrical or mechanical, are subject to 
errors several times those which may 
exist in the measurement of time or posi- 
tion. The velocity may be determined 
more accurately from a properly taken 
distance-time curve than by direct meas- 
urement using tachometers. Another dif- 
ficulty encountered in the use of tachome- 
ters is the load which the instrument 
places upon the machine being tested. If 
the machine being tested is small, the 
instrument may represent a burden which 
will mask the effects it is desired to 
measure. 

Acceleration is a derived quantity of 
the second order. Satisfactory instru- 
ments for the measurement of accelera- 
tions as small as those found in decelera- 
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tion tests are not available. The deter- 
mination of acceleration must therefore . 
be based upon calculations involving the 
velocity, which for best results must in 
turn be based upon the distance-time 
curve. 
Since so much depends upon the dis- 
tance-time curve, very high accuracy is 
required in its determination. It has 
been found that it is necessary to deter- 
mine the time and the position with an 
error not exceeding about 0.002 times the 
difference between successive readings if 
truly good results are desired. In other 
words, if readings are taken ten seconds 
apart the time of reading must be known 
to about 0.02 second. If the readings are 
taken one second apart the individual 
readings must be accurate to about 0.002 
seconds. Similar limits hold for the 
measurements of distance or position. 
The readings must also be known to be 
simultaneous within the same limits of 
time as indicated above. Photographic 
recording has been used in this work to 
obtain the simultaneous readings. This 
method of recording has other advantages 
as well in that a permanent record is ob- 
tained from which readings may be 
checked at any time, the rate of taking 
readings is under better control, and it is 
possible to photograph other dials on 
these same films giving simultaneous 
readings of other related quantities. This 
has been done in one acceleration test 
in which a voltmeter, an ammeter, and a 
polyphase wattmeter were photographed 
along with the time and displacement 
dials and their readings used to get the 
electrical characteristics of the motor. 


Apparatus 


The timing device was a synchronous 
clock, made for checking relay settings, 
etc. It was of the continuously rotating 
type and did not have the intermittent 
motion of the cycle counter. The clock 
had two hands, one of which made one 
revolution per second, and the other made 
one revolution in ten seconds, when sup- 
plied with 110-volt 60-cycle alternating 
current. The dial was calibrated with 
100 divisions and time could be estimated 
to 0.001 second. 

The position indicator was a watthour 
meter register which had the units dial 
directly coupled to the motor shaft. The 
coupling was by means of a tightly wound 
piano-wire flexible shaft slipped over a 
pin set in the center of the motor shaft 
on one end, and over the shaft of the units 
dial of the register on the other end. With 
the two shafts in line the hand appeared 
to follow the shaft movement accurately. 
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‘The rotor position was estimated to 0.01 
revolution. 

_ The photographic equipment consisted 
of a candid camera clamped into position 
and accurately focused on the dials. The 
camera had a focal-plane shutter which 
was wound and tripped by hand. The 
camera had a maximum capacity of about 
40 pictures at one loading. This number 
_ of pictures was adequate for most tests, 
although a slightly larger number could 
have been used to advantage at times. 
The marked shutter speeds ranged up to 
1/599 second but the actual exposure was 
found to be about twice this. Shorter 
times of exposure would have resulted in 
better images of the faster moving 
pointers, but the values obtained by esti- 
mating the position of the centers of the 
blurs caused by the moving pointers seem 
to have all the accuracy required. A 
distance of 30 inches between the camera 
and the dials was found to be satisfactory 
using the two-inch-focal-length lens. 

The dials were illuminated by ‘‘photo- 
flood” lamps. The lens was stopped down 
so that the resulting negatives would be 
much thinner than would be used for the 
more normal photographic work since it 
was found to be easier to read these thin- 
ner negatives. The readings were taken 
from the films using a pocket magnify- 
ing glass of about six power. 

Standard portable-type voltmeters, am- 
meters, and wattmeters were used in the 
acceleration test in order to get the com- 


they were grouped around the motor in 
the acceleration test. 


Calculations 


Because of the high accuracy of the 
data taken from the films, the velocities 
may be calculated from the differences 
between successive readings. That is, if 
the difference in distance (revolutions) as 
read from two successive films is divided 
by the difference in time as read from the 
same films, the average velocity during 
the interval is obtained. This calculation 
is indicated in table I, which lists the 
readings for the acceleration test of the 
7'/.-horsepower motor. The first and 
second columns ccntain the distance and 
time readings as they were taken from 
the films. The third and fourth columns 
show the differences referred to above, 
while the fifth column lists the quotient 
of these differences or the average veloci- 
ties during the intervals. If each interval 
is of short enough duration so that the 
change in velocity is small during that 
interval, this average velocity may be 
considered as the true velocity at the time 
corresponding to the middle of the inter- 
val. How close this will be to the truth 
will depend upon the curve to which the 
calculations are applied. No approxima- 
tions are involved if the velocity is a 
straight-line function of the time. The 
times corresponding to the velocities listed 
in the fifth column of table I are shown in 


considered as the true value at the mid- 
distance of the interval. The accuracy 
of this approximation again depends 
upon the shape of the curve. In this case 
no approximation is involved if the ve- 
locity is a straight-line function of the dis- 
tance. It is to be noted that the mid- 
distance and the mid-time points do not 
fall on the true curve of time and distance, 
but on straight lines joining successive 
points on the original curve. 

It might seem that the velocity could 
be obtained by graphical means from the 
distance-time curve. It was not found 
to be feasible to do it this way, since the 
plotting of the curve could hardly be 
done with an accuracy comparable with 
that of the original data, unless the plot 
were made to an enormous scale. The 
process of calculating differences as out- 
lined above results in accurate velocity 
data with a minimum amount of manipu- 
lation. 

Now if a sufficient number of readings 
of distance and time have been obtained 
in the original data, a velocity-time curve 
or a velocity-distance curve may be 
derived having high enough accuracy for 
use in determining the acceleration. The 
slope of the velocity-time curve is equal 
to the acceleration. If one wishes to use 
the velocity-distance curve, he may find 
the acceleration by multiplying the veloc- 
ity by the slope of this curve. This re- 
lationship may be shown as follows: 


plete electrical characteristics. Figure 1 the sixth column. However, if one is in- pee 

shows these instruments, the synchronous __ terested in the velocity-distance curve, v = ds/dt 

clock, and the position-indicator dial as the average velocity found above may be we 
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one which would have the better approxi- 
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mations. One should therefore use the 
curve which more closely approximates 
a straight line. 

These graphical methods for determin- 
ing the acceleration from the velocity 
curves were used in the preparation of 
this article. As an extension of the 
method of taking differences to the de- 
termination of acceleration the last four 
columns of table I have been calculated, 
and further indicate the surprising ac- 
curacy of the data. The figures shown in 
the seventh and eighth columns are the 
velocity and time differences calculated 
from the values shown in the fifth and 
sixth columns. The quotients obtained 
by dividing these velocity differences by 
the corresponding time differences are the 
accelerations and are listed in the ninth 
column. The last column contains the 
velocities corresponding to the accelera- 
tions, 


Accuracy of the Data 


Although the foregoing shows very well 
the high accuracy which may be obtained, 
further improvement is possible so that 
some consideration of the sources of 
errors may be of value. 

First consider the ability of the dials 
to follow time and position. The time 


dial should record time with the same 
accuracy as that with which the frequency 
is held constant at rated value. The tests 
which are reported were made on two 


large power systems. In one case the 
frequency fluctuations were of no conse- 
quence and the results are entirely re- 
liable on this point. In the other case the 
frequency fluctuations were such that the 
results are somewhat in question. In 
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this case the results of duplicate tests 
were similar but not identical. The dis- 
tance or position dial should follow the 
motion of the rotor if the coupling is 
rigid. At first the coupling used was 
thought to be satisfactory as long as the 
shafts coupled by it were in line and the 
coupling was kept from vibrating. It is 
now believed that the greatest inac- 
curacies in this work originate here. 

Since the camera had a focal-plane 
shutter the time of recording was not 
simultaneous over the entire picture. The 
progression of the exposure across the 
film should be the same in each picture 
and so should cause no errors due to the 
placing of the dials. However, an error 
will exist due to this sweeping action, 
since different portions of a single dial 
are photographed at slightly different 
times. Some irregularities in the curves 
have been traced to this source. 


Procedure 


From the above the general procedure 
should be obvious. Some of the details 
of procedure which must be watched will 
bear discussion. Bearing friction is a 
determining factor in these tests. Its 
value will vary with the bearing tem- 
perature, the load on the bearings, the 
axial position of the rotor, and the thick- 
ness of the oil film, as well as with the 
motor speed, the kind of oil used, and the 
general design. 


Figure 1. General 
view of the instru- 
ments grouped for 
photographing in the 

acceleration test 


Bearing temperature is very important. 
Changes in bearing temperature may 
affect the results to such an extent that 
any conclusions drawn from the tests may 
be entirely erroneous. This statement 
applies to ball-bearing machines as well 
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as to those equipped with sleeve bearings. 
On successive tests on a new ball-bearing 
machine the bearing friction varied in 
the ratio of four to three although the 
time of running before the second test 
was only slightly greater than that before 
the first. The preferred procedure would 
be to run the motors to constant bearing 
temperatures before taking readings. 

The addition of a flywheel to a motor 
may change the bearing friction and also 
the windage. In these tests all runs were 


a 


= 
sla 


VELOCITY 


TF 


REVOLUTIONS 


REVOLUTIONS PER SECOND 


° 
° 50 100 150 200 
TIME - SECONDS 


Figure 2. Distance-time and velocity-time 
curves for the deceleration test on the 71/9- 
horsepower 6-pole motor 


made with identical flywheel loading and 
hence the effects of the flywheel should 
cancel out of the final result. 

The axial position of the rotor may 
affect the bearing friction, or, by chang- 
ing fan clearances, change the windage 
loss. This difficulty is not experienced 
in ball-bearing machines where end-play 
is restricted, but in sleeve-bearing ma- 
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test of figure 2 


chines there may be a tendency for the 
rotor to shift from its normal position 
during the test unless the shaft is care- 
fully leveled and perhaps lightly re- 
strained. 

In deceleration tests the oil film should 
be properly maintained by the motion of 
the rotor. In acceleration tests, starting 
from rest, it may take several revolutions 
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before the oil film is built up to its proper 

: value. It is therefore important to start 

Be tests after a period of run- 
ning without allowing time for the rotor 

{ to settle and squeeze out the oil film. 
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Figure 4. Distance-time and velocity-time 
curves from the acceleration test on the 71/9- 
horsepower 6-pole motor 


In trying to avoid the change in the 
oil film in the acceleration tests two 
methods were employed. The first was to 
run the machine and then allow it to 
coast torest. The test was started within 
about one second of the time the motor 
stopped. The second method was to run 
the machine in the reverse direction and 
then to plug it on the line. Recording was 
started as the motor reversed. In ana- 
lyzing the results of the tests made 
using the first method it was found that 
there was an apparent delay in the start- 
ing of the motor. In figure 4 this delay 
is indicated. In this test the power was 
applied at the time ¢ = 0.002. This ap- 
parent delay is believed to be due to the 
inductance of the rotor circuit, which 
does not permit the field to build up in- 
stantaneously, and to transients which 
may exist at the closing of the line switch. 
The net result is that full torque is not 
available until some time after the closing 
of the switch and, therefore, the speed 
increases more slowly than it should at 
first. By plugging the motor on the line 
the time required for the building up of 
the field and the decay of the transients 
was provided before recording was 
started. 

On deceleration tests the motor field 
tends to collapse on the removal of the 
applied voltage but is held trapped by 
the short-circuited rotor winding. There- 
fore, during the first few seconds the losses 
of the machine which must be supplied 
by the rotational energy include a stator 
core loss. Only after the rotor resistance 
has dissipated the energy of the field does 
this loss become zero and the friction and 
windage losses remain alone. A simple 
means of avoiding this core-loss error is 
to supply the motor with a higher fre- 
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quency, running it at overspeeds so that 
the field will have become negligible by 
the time the speed has decreased to 
normal. 

Since the camera used had a limited 
number of exposures, it was necessary to 
space these properly throughout the time 
of the test. In the deceleration tests the 
velocity-distance curves approximated 
straight lines and so were used in prefer- 
ence to the velocity-time curves. Since 


distance was used for the abscissa in these 
curves, a fairly uniform spacing of points 
on the curves was obtained by taking 
readings at approximately equal intervals 
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Figure 5. Acceleration and deceleration 
curves derived from the curves of figures 3 and 4 


Curve A—Deceleration versus speed in the 
deceleration test 


Curve B—Acceleration versus speed in the 
acceleration test 


Curve C—Electrical torque versus speed 


of distance. In the acceleration tests, 
however, the velocity-time curves were 
more nearly straight lines and were there- 
fore used in determining acceleration. 
For these tests proper spacing of points 
was obtained by taking readings at ap- 
proximately equal intervals of time. 


Curves 


Figure 2 shows the distance-time and 
the velocity-time curves of the 71/2 
horsepower 1,200-rpm 60-cycle motor in 
the deceleration test. The motor was 
run at overspeed by supplying power to 
its stator at about 100 cycles. In figure 
3 the same data are used to plot the veloc- 
ity-distance curve. It is believed that 
some of the waviness of the curve is due 
to fluctuations in the frequency of the 
supply used to drive the synchronous 
clock. Figure 4 shows the distance-time 
and the velocity-time curves of the same 
motor when accelerated from rest by ap- 
plying three-phase 60-cycle power to the 
The voltage was about 16 per 
The power was ap- 


stator. 
cent of rated value. 
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plied at the time ¢ = 0.002. The ap- 
parent delay in starting in this case 
amounts to about 0.5 seconds. It is 
probable that the curve should not plunge 
into the axis at this point but should con- 
tain a reverse bend which would bring 
it over through the origin. It is also 
probable that the transients causing this 
apparent delay have decreased the slope 
of the curve near the origin so that the 
torques calculated for the lower speeds 
are too low. 

Curve A of figure 5 shows the decelera- 
tion as calculated from figure 3, curve B 
shows the acceleration as calculated from 
figure 4, and curve C shows the sum of 
the ordinates of A and B and gives the 
speed-torque curve of the motor. This 


TORQUE - CURRENT - POWER 


— 


(o} 


100 
PERCENT SYNCHRONOUS SPEED 
Figure 6. Complete starting characteristics of 
the 71/9-horsepower 6-pole motor 


speed-torque curve of the motor is re- 
drawn in figure 6 in combination with 
curves showing current and power input. 
The inertia, spring constants, and damp- 
ing of the instruments used to measure 
the current and power have undoubtedly 
affected the readings near zero speed 
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Figure 7. Deceleration, acceleration, and 


torque curves from the tests on the five- 
horsepower 4-pole motor 


since power was applied at that ttme. A 
slight effect may also be present at the 
higher speeds but except near zero speed 
the pointer movements were so slow that 
errors due to this should be negligible. 

In figure 7 are shown the curves ob- 
tained in tests on a five-horsepower 1,800- 
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A Variable-Register-Ratio Watt-Hour 
Meter 


By G. R. SHUCK 


MEMBER AIEE 


S is generally recognized, electrical 
energy is a commodity, the sale of 
which should be subject to the same 
economic laws that apply to other com- 
modities. The two most important eco- 
nomic laws which regulate the sale price 
are (1) the law of diminishing costs, and 
(2) the law of supply and demand. 

The first of these laws is partially 
applied in our present system for meter- 
ing electrical energy, the so-called block 
system charging a high price for the first 
block of energy, a lower price for the 
next block, and a still lower price for 
the third block, the whole schedule being 
equivalent to a lower price per kilo- 
watt-hour for greater consumption. 

The second law justifies a higher price 
when the commodity is scarce or the 
demand is great, and a lower price when 
the commodity is plentiful and the de- 
mand the least. This law has an appli- 
cation in the 24-hour load cycle of an 
electric-utility company. The ever in- 
creasing peak load of the period between 


4 p.m, and 9 p.m. indicates a greater 
demand and a limited supply, justifying 
an increased price. The period from 
12 midnight to 5 a.m. indicates little 
demand and an unlimited supply, justi- 
fying a decreased price per kilowatt-hour. 

Unfortunately, our present method of 
measuring energy with watt-hour meters 
does not and cannot supply this second 
law of economics. The utility rate 
makers do, however, recognize this law 
and are applying it in part to some 
schedules, such as domestic water heat- 
ing, through the medium of off-peak time 
switches, carrier-current control, flat- 
rate schedules, and an allowance of a 
specific number of kilowatt-hours for 
water heating in billing. 
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rpm 60-cycle motor. In this case only 
60-cycle power was available and the 
deceleration test was started from ap- 
proximately 1,800 rpm. The sharp rise 
in the deceleration test curve A at the 
higher speeds is undoubtedly due to the 
iron losses introduced by the trapping of 
the magnetic field by the rotor. In de- 
termining the combined curve, curve C, 
this sharp rise has been disregarded. The 
acceleration test on this motor was made 
by plugging it on the line at full-speed 
reversed rotation instead of starting it 
from rest. The errors due to transients 
at the start have thus been eliminated. 
For this motor dynamometer tests were 
available in which starting torque, pull- 
out torque, and the minimum torque be- 
tween these two had been determined. 
The ratios of these torques as determined 
in these tests and as determined in the 
dynamometer tests checked within about 
two per cent. An agreement as close as 
this was somewhat unexpected consider- 
ing some of the known errors and the 
widely different voltages used. 
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Conclusions 


These tests would indicate that the 
method is quite usable and that the re- 
sults should be quite satisfactory if the 
proper precautions are taken. The ap- 
paratus required and its costs are rela- 
tively small if the phenomena investigated 
are not of too high speed. With further 
refinements and the use of stroboscopic 
cameras, giving finer subdivisions of time 
and distance, higher-speed phenomena 
may be investigated, with, of course, an 
increase in the cost and the complexity 
of the apparatus. 
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Although water heating is especially 
applicable to off-peak control, owing to 
the heat-storage capacity of water, other 
loads, both domestic and commercial, 
could in part be kept off-peak, particu- 
larly if there was some incentive for the 
consumer to do so. 

The practice of cutting off water heat- 
ing loads during peak hours is not alto- 
gether satisfactory and is not a logical 
long-run policy for the utility companies 
to adopt, because it is only partially 


TO FIRST DIAL HAND TO METER DISK 


WOO 


Figure 1 


effective and does not apply to all shift- 
able loads. 

Rather than go to the expense of 
utilizing schemes for cutting loads off the 
peak, requiring additional wiring, meters, 
and timing devices, would it not be more 
logical to develop some metering system 
which will automatically take into ac- 
count this second law of economics? 
These loads may be left on the system at 
all times, subject to a higher rate during 
the daily load cycle when energy is 
scarce and the demand great, and subject 
to a lesser rate when the energy is plenti- 
ful and the demand least. The consumer 


may himself apply automatic time 
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Figure 2 


switches on his load, or control them 
manually or not at all, as he chooses. 

In order to investigate the possibility 
of applying the law of supply and de- 
mand in the metering of electrical energy, 
the writer, in the University of Washing- 
ton laboratories, constructed a metering 
unit from a standard watt-hour meter, 
which will be called in this paper a vari- 
able-register-ratio watt-hour meter. 

The variable register ratio is obtained 
by introducing in the registering train of 
gears, a drum, and wheel. The position 
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of the wheel with respect to the drum is 
changed during the day by means of a 
timing unit. 

The shape of the variable-diameter 
drum should be such that the meter 
registers more slowly during off-peak 
hours. In general the shape of the drum 
should correspond to the daily load curve. 

Figure 1 is a schematic drawing of that 
part of the registering train which has 
been altered. The drum D is mounted 
on one of the shafts of the registering 
train of a standard watt-hour meter. 
The wheel W and pinion P are mounted 
on a carriage rack R, the latter arranged 
to slide longitudinally as well as turn on 
shaft S. The gear G solid on shaft S 
meshes with the long pinion P with the 
carriage in any position. The motion is 
transmitted from the meter disk through 
drum D to wheel W, pinion P, gear G, 
to the first dial hand. 

The rack R is moved to the left along 
shaft S by means of the cam C and a push 
rod, and returned by means of a spring 
when released by the cam. The for- 
ward motion takes place in a little less 
than 24 hours, the return motion in about 
five minutes, the complete cycle in ex- 
actly 24 hours. 

The cam C is rotated at one revolution 
per day by means of a timing unit shown 
in figure 2. Gear B, mounted solid on 
the hollow shaft M, is driven by a syn- 
chronous clock at two revolutions per 
day. Gear A, mounted on shaft JN, 
is driven in the same direction by an 
ordinary hand-wound clock at two revolu- 
tions per day. The gear E, meshing 
with both gears A and B, rotates on 
shaft K and revolves with shaft F, the 
latter passing through the hollow shaft 
M. The cam C, also shown as C in 
figure 1, is driven by shaft F. If either 
gear A or B rotates while the other is 
stationary, the shaft F is caused to rotate 
one revolution per day. 

In operation, the synchronous-motor 
clock drives the shaft F and cam C, 
while the hand-wound clock and gear A 
are stationary. In the event of a power 
interruption, the synchronous-motor clock 
stops, and the hand-wound clock starts 
up and drives shaft F until the power 
again comes on and the synchronous 
motor resumes its duties. The hand- 
wound clock is designed to start or stop 
automatically by means of a very small 
electromagnet which controls the motion 
of the balance wheel of the clock. 

In order to discuss the application of 
this metering system to a schedule, the 
24-hour day may be divided into periods 
such as normal, off-peak, and peak 
periods. The normal periods may, for 
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example, be assumed to be from 7:00 
a.m. to 4:30 p.m., and from 6:30 p.m. 
to 11 p.m.; the peak period from 4:30 
p.m. to 6:30 p.m.; and the off-peak 
period from 11 p.m. to 7 a.m. 

The diameter of that part of the drum 
corresponding to the normal periods will 
be such as to cause the watt-hour meter 
to register true kilowatt-hours. The 
diameter of that part of the drum corre- 
sponding to the peak period will be greater, 
causing the meter to register more than 
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Figure 4. Variable-register-ratio drum radii 


the true kilowatt-hours. The diameter 
of that part of the drum corresponding 
to the off-peak period will be such as to 
cause the meter to register less than the 
true kilowatt-hours. 

Obviously any consumer cannot be 
expected to have a 100 per cent load 
factor. He is entitled to use a certain 
amount of energy during peak hours, and 
is also expected to use some energy during 
off-peak hours. The average consumer 
may be assumed to have a normal load 
curve, just as the power consumer is 
expected to maintain a normal power 
factor within reasonable limits. For 
purposes of discussion load curve 1 
(figure 3) may be considered to be a 
normal load curve. 

The peak and off-peak diameters of 
the drum may be so calculated that, 
during a 24-hour period, the variable- 
register-ratio watt-hour meter, equipped 
with this drum, will register the true 
kilowatt-hours of a normal load. That 
is, a consumer having a normal load 
curve would have the same kilowatt-hour 
registration during the month as he 
would have if his load were metered by 
a standard watt-hour meter. Curve 4 
(figure 4) shows the shape of such a 
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drum. Curve 5 (figure 5) shows the 
registration of the variable-register-ratio 
meter for load curve 1 (figure 3) indicat- 
ing a total registration of 192 kilowatt- 
hours. 

Assume that the consumer has a load 
curve 2 (figure 3) equal in kilowatt-hours 
to the normal load curve 1, but showing 
less peak and more off-peak load. The 
actual registration curve of the variable- 
register-ratio meter is shown in curve 6 
(figure 5) giving a total daily registration 
of 172 kilowatt-hours. 

Assume the consumer has a load curve 
3 (figure 3) equal in kilowatt-hours to 
the normal load curve 1, but showing 
more peak load but less off-peak load. 
The actual registration curve of the 
variable-register-ratio watt-hour meter 
is shown in curve 7 (figure 5) giving a 
total registration of 218. 

These curves show that a given number 
of kilowatt-hours will give different 
registration, depending on when the 
energy was used. 

In some two-rate schedules involving 
large blocks of power the maximum de- 
mand is determined by a graphic record- 
ing wattmeter, and the charge per 
kilowatt of maximum demand varies, 
depending on when the maximum de- 
mand occurred, whether off-peak or on- 
peak. In two-rate schedules involving 
small blocks of power the indicating 
maximum-demand register is used. This 
method gives no indication of the time of 
day the maximum demand occurred. 
If a maximum-demand attachment were 
installed on the variable-register-ratio 
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watt-hour meter, it would automatically 
register a higher or lower indication, 
depending on the time of day the maxt- 
mum demand occurred. 

The variable-register-ratio watt-hour 
meter may be used in a different way by 
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having two registers, one a standard 
dial, the other a variable-register-ratio 
dial. The standard dial registers the 
true kilowatt-hours as any other stand- 
ard meter. The variable-register-ratio 
dial gives the modified registration as 
already explained. The ratio between 
these two readings gives a modifying 
factor K which may be used in billing the 
true kilowatt-hours. 

Assume the consumer has the normal 
load curve 1 (figure 3). Both dials will 
indicate the same, namely 192, and the 
factor K will be 7/1. = 1. Assume 
the consumer has load curve 2. The 
standard dial will again register 192, 
but the variable-register-ratio dial will 
register 172. The factor K will be 
172/14 = 0.895. Assume the consumer 
has load curve 8. The standard dial 
will register 192. The variable-register- 
ratio dial will register 218. The factor 
K will be 218/19. = 1.135. The factor K 
obtained each month is a measure of 
when the energy was used and may be 
used as a modifying factor in billing the 
true kilowatt-hours. 

The meter constructed in our labora- 
tories (figure 6) consisted of parts of 
other meters assembled together into a 
working unit to test the general method, 
and is essentially a crude instrument com- 
pared to one which would be designed 
and constructed by a manufacturing 
company. However, some information 
was obtained which leads to the following 
conclusions. 


1. A variable-register-ratio watt-hour 
meter can be constructed of sufficient ac- 
curacy and low cost to compare favorably 


Figure 6 


with the present methods of controlling 
off-peak loads, and at the same time to 
have more universal application. 


2. Tests were conducted to show the 
accuracy of transmission through a drum 
and wheel. The ratio between the fric- 
tional torque at the wheel and drum, and 
the torque required to drive the registering 
train was found to be three to one, showing a 
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Trends in the Design and Arrangement 
of Electrical Equipment in Hydraulic 


Power Plants 


By C. C. WHELCHEL 


MEMBER AIEE 


URING the last ten years there has 
been a considerable development of 
water power resources in this country. 
Many different organizations have par- 
ticipated in the design of these projects, 
and many contributions have been made 
to reduce the first cost, improve the over- 
all efficiency, and reduce the cost of opera- 
tion. A brief review of those trends 
which represent the greatest changes, or 
have provoked the most discussion, may 
be of interest at this time. On many of 
them there is no unanimity of opinion. 
The reader may disagree with some, he 
may even question whether others repre- 
sent general trends at all; nevertheless, 
the writer will try to give them without 
either commendation or condemnation, 
and he would not be entirely candid if he 
did not say that some looked rather 
foolish to him at first. It should be em- 
phasized that this paper will discuss only 
those features which have been changing, 
or have provoked discussion; many things 
which are of much greater importance to 
the station may therefore be mentioned 
only briefly, if at all. 


Powerhouse 


A number of semioutdoor type of gen- 
erating stations have been built in which 
the conventional powerhouse superstruc- 
ture was omitted. In this design the 


generator-room floor becomes the station 
roof, the generators being protected by a 
concrete or metal housing. An outdoor 
gantry crane is usually provided for re- 


‘moving the waterwheel and generator 


parts to one end of the station, where 
they may be lowered through a hatch to 
the inside repair bay below. The layout 
of the generating units and their auxili- 


_aries is arranged so that practically all 


operation in connection with the equip- 
ment will be below the generator deck, 
where complete protection is obtained. 
There is a considerable difference of opin- 
ion as to the true over-all saving with this 
type of plant, particularly where the extra 
cost of installation and maintenance is 
taken into account. If experience demon- 
strates the absence of operating and main- 
tenance difficulties, they may be more 
generally adopted in the future. 

In the past, it has been the general 
practice to locate the generators in the 
powerhouse above the maximum expected 
flood waters, and in many cases this has 
resulted in an expensive structural de- 
sign, because of the distance between the 
waterwheel and generators. In several 
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sufficient factor of safety in regard to the 
wheel slipping on the drum. A proper 
design and choice of material could, no 
doubt, increase this factor many fold. 


3. The timing device should consist of a 
synchronous-clock motor with an auxiliary 
hand-wound or electric-wound clock de- 
signed to run not more than 24 hours, 
since power interruptions sum up to be far 
less than 24 hours during one month. It 
was found by test that the smallest type of 
synchronous motor produced 100 times as 
much torque as was necessary to rotate the 
cam, 


4. The design of the unit should be such 
that the drum of the variable-register- 
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ratio dial can be removed and another in- 
serted without dissembling the registering 
train, to conform to any desired rate 
schedule. If it is desirable to convert the 
variable-register-ratio meter into a standard 
watt-hour meter it is only necessary to slip 
in a cylinder of proper diameter, or to re- 
place the entire register with a standard 
registering dial. 


5. In view of the probable objection on the 
part of the rate commissions that the 
variable-register-ratio meter does not actu- 
ally register kilowatt-hours at all times, 
the second method of the two outlined in 
this paper would be more acceptable, the 
meter being used to obtain a monthly 
modifying billing factor. 
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recent projects, it was found that the most ° 


economical arrangement was to place the 
_ generators as close to the waterwheels as 
ordinary considerations would allow, and 
protect them from flood waters by build- 
ing a waterproof powerhouse without 
windows. This type of station naturally 
results in an indoor design, since the walls 
are essential for flood protection, and only 
a roof is necessary to enclose it. 


Generators 


Further economy in power-plant design 
has been achieved by an increase in the 
size of the generators and waterwheels 
over those which would have been con- 
sidered practicable a few years ago. 
Operating efficiency has been improved by 
the increased use of the adjustable-blade 
turbine for low-head developments. Al- 
though these trends principally represent 
an advancement in the design of hydraulic 
machinery, they, of course, affect directly 
the generating equipment. The largest 
unit in physical size at a particular speed 
which it is possible to build economically 
at the present time has not been reached, 
but it has been closely approached. The 
limiting factor in waterwheel-generator 
design is usually the mechanical stresses at 
runaway speed. 

There has been very little change in the 
structural design of waterwheel generators 
in the last few years. Fabricated con- 
struction continues to be widely used. 
Partly because of the accuracy with which 
the strength of fabricated rotors can be 
predetermined, and partly because of the 
expense of building up and tearing down 
again to meet shipping limitations, par- 
ticularly on the larger size units, over- 
speed tests are seldom made at the fac- 
tory. 

Overhung or umbrella type of genera- 
tors with one guide bearing have been in- 
stalled in a number of stations. Such 
generators show a slight saving in first 
cost over the conventional two-guide 
bearing type. There is, however, an up- 
per limit in speed and physical size be- 
yond which it is not practical to go. Ow- 
ing to the lack of an upper-guide bearing 
on the generator, these machines are 
tested with the waterwheel attached. 
The design therefore is more difficult to 
test and does not lend itself readily to the 
investigation of vibration and other pos- 
sible troubles. 

The highest voltage waterwheel genera- 
tor built so far in this country is 16.5 kv. 
Studies have been made on the larger 
units for voltages of 23 and 34.5 kv with 
the result that a more conservative and 
economical design was obtained with a 
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generator voltage of 16.5 kv or less, and 
a step-up autotransformer. This com- 
bination is as efficient as a generator 
wound for 23 or 34.5 kv. 

The advancement in the knowledge and 
appreciation of system stability has 
generally resulted in a more careful study 
and selection of those generator character- 
istics which affect stability. 

A fuller understanding of the general 
operating advantages of amortisseur 
windings in waterwheel generators has 
resulted in their incorporation in a num- 
ber of units. The principal advantages 
are: the reduction of overvoltages in the 
stator winding resulting from unbalanced 
faults on the generator, particularly on 
unloaded machines coupled to capaci- 
tances such as transmission lines; the ef- 
fective reduction in oscillations of genera- 
tor-output kilowatts occasionally ex- 
perienced on machines which are con- 
nected to their loads through high resist- 
ance circuits; and a minor aid in system 
stability by reducing the magnitude of 
the rotor oscillations. 

Experience has shown that even though 
water-power developments are usually 
located in rural districts, the air is not 
free from impurities which lodge in the 
generator and interfere with the effective 
cooling of the machine. For this and 
other reasons the closed ventilating sys- 
tem, using surface air coolers, has been 
adopted for most of the recent generators 
above 5,000 kva. In addition to the 
longer expected insulation life, the closed 
system reduces station noise and provides 
increased fire protection. In some in- 
stallations it permitted a more economical 
powerhouse, since provisions for large air 
intake and discharge openings in the 
building were not required. 

On very large generators, where the 
stacked height is sufficient, the cooler 
sections have generally been arranged 
vertically around the periphery of the 
generators. On the comparatively small 
machines, where the stacked height is so 
short that a vertical arrangement around 
the periphery would be expensive, the 
sections have been located parallel to 
the floor, and on the side of the unit for 
vertical machines, and underneath for 
horizontal units. 

Of the hydraulic generators which have 
been provided with surface air coolers, 
less than half are arranged to discharge 
air to heat the power station. The trend 
is in the direction of permanently closing 
the generators, and deriving station heat 
from some other source, because obviously 
any departure from the closed system 
reduces the effectiveness of that system. 

Although generator fires are rarer now 
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than ever before, carbon-dioxide fire pro- 
tection has been provided on many of the 
larger generators, because of its effective- 
ness on the closed ventilating system as 
compared to the open system. 

In the larger-size generators which re- 
quire extensive disassembly for shipment, 
it has become the general practice to make 
the electrical tests as well as overspeed 
tests after installation. 


Excitation Schemes 


The excitation scheme, used almost ex- 
clusively in the last few years on genera- 
tors rated 3,750 kva and above, employs 
direct-connected main and pilot exciters, 
and a high-speed individual rheostatic 
voltage regulator operating in the main 
exciter field. A main a-c generator-field 
rheostat is not required, and in a number 
of instances the armature of the main ex- 
citer is permanently connected to the 
generator field without a field switch. No 
provision is made for paralleling exciters. 

The operating simplicity of the direct- 
connected exciters has a very strong ap- 
peal. This system generally has the ad- 
vantage of lower cost, considering in one 
case a shaft alternator and a motor gen- 
erator set, and in the other case a direct- 
connected exciter plus a small step-down 
power transformer to serve the machine 
auxiliaries otherwise served by the shaft 
alternator. Beyond this difference in 
price is the additional switching equip- 
ment, such as circuit breakers and switch- 
gear panels, not to mention increased 
wiring and cable connections. 

Because of the low outage record of 
direct-connected exciters, the complica- 
tions introduced by trying to provide 
spare excitation in what is otherwise a 
unit system, and a station design which 
contemplates the outage of a complete 
generating unit without adversely affect- 
ing operation, the spare motor-generator 
exciter set has been omitted in a number 
of stations. 

In many stations, advantage has been 
taken of the possibility of allowing con- 
siderable variation in generator voltage 
in order to obtain better system-voltage 
regulation. In such stations line-drop 
compensation has usually been incorpo- 
rated in the generator voltage regulators. 
In a properly co-ordinated generator volt- 
age regulating system there is no conflict 
between line-drop and cross-current com- 
pensation. 


Governor Flyball Drive 


One of the early steps taken to free the 
governor flyball drive from the physical 
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limitations of a belt was to provide a 
flyball motor and drive it from the main 
generator terminals through small trans- 
formers. This type of drive was found to 
be satisfactory in most instances, al- 
though it has the disadvantage of tending 
to cause the governor to follow system 
frequency rather than generator fre- 
quency during those rare cases when the 
main unit twists out of step with the 
system due to instability. 

Although this condition has occurred 
very rarely in practice, the desirability of 
eliminating it was early recognized. The 
next source of power used was obtained 
from slip rings on the pilot exciter. Where 
steps were taken to obtain proper co- 
ordination in design between the governor 
motor and pilot exciter, this scheme has 
operated satisfactorily. Where this was 
not done, trouble has been experienced in 
some installations due to a very sensitive 
governor head along with slight phase- 
shifting of the pilot exciter flux with re- 
spect to the shaft of the main unit, with 
the result that the governor did not see 
true shaft speed at all times. 

A permanent magnet generator di- 
rectly mounted on each unit is the latest 
source of power supply for governor fly- 
ball motors, and is the system which has 
generally been used in the last few years. 


Circuit Arrangements 


Hydroelectric-generating-station switch- 
gear shows a decided tendency to- 
ward simpler circuit layouts including the 
elimination of generator oil circuit 
breakers and low-voltage busses, resulting 
in a considerable saving in cost, as well 
as a greatly simplified station design. 

The so-called unit system has been 
widely adopted. The simplest case with 
this scheme is to have one generator con- 
nected to its own individual transformer 
bank. In the earlier installations an oil 
circuit breaker was installed between the 
generator and transformer primarily for 
synchronizing purposes. The present oil 
circuit breakers of all voltages have clos- 
ing speeds sufficient for synchronizing on 
the high-voltage bus, so that in the more 
recent installations the breaker between 
the generator and the transformer has 
been omitted. 

Some stations have used a modification 
of the unit scheme in which two generators 
are connected to one transformer bank, 
each generator having its own low-voltage 
breaker in order to be able to synchronize 
or remove one generator from service 
without affecting the other. 

Many operating engineers have con- 
cluded that the unit scheme with its omis- 
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sion of the low-voltage bus represents 
practically no sacrifice in over-all station 
reliability or flexibility. Although this 
scheme is open to the criticism that, if a 
generator fails and at the same time a 
transformer normally connected to an- 
other generator also fails, the output of 
the two machines is lost, operating rec- 
ords show that such a contingency is very 
unlikely to occur. Furthermore, few 
plants are designed on the basis of two 
simultaneous failures, since their cost 
would be prohibitive. 


Switchgear Equipment 


Although the simpler circuit layouts 
now so prevalent in hydro stations have 
appreciably reduced the number of low- 
voltage oil circuit breakers, nevertheless 
many stations still require large-interrupt- 
ing-capacity breakers in addition to the 
smaller ones for controlling station-ser- 


vice power. 
In many of the more recent projects, 
these breakers, their disconnecting 


switches, busses, etc., are enclosed in com- 
plete factory-built metal structures. 
Metal-enclosed busses from the generator 
terminals to the power transformers are 
also being used. 

The increasing use of metal-enclosed 
gear is attributed to the more general 
appreciation of its economy and safety 
features. By using this equipment, sta- 
tion planning has been simplified by elimi- 
nating the time and expense in detail 
designing and co-ordination which is 
required where cell-mounted equipment is 
used. Savings in building cost have been 
realized in many instances, because this 
type of gear saved floor-space and head- 
room, Asa rule, metal-enclosed gear has 
been found to cost less installed than other 
types in which equal precautions have 
been taken to preserve service continuity. 

Many refinements in oil-circuit-breaker 
design have been made in the last few 
years. More effective means for control- 
ling the interruption of the are has per- 
mitted smaller oil circuit breakers for the 
same voltage, current, and interrupting 
rating. Faster operating mechanisms 
are now being used to speed up the trip- 
ping and closing times, thereby reducing 
system disturbances. In the high-volt- 
age field, oil circuit breakers rated 287 
kv and, having a clearing time of three 
cycles, have been installed. Inasmuch as 
these breakers were of very low oil con- 
tent, they evidenced the trend toward 
low-oil-content breakers. 

Metal-enclosed air circuit breakers or 
contactors are extensively used for con- 
trolling station service power at 550 volts 
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or less. This equipment permits a still 
further reduction in fire hazard and its 
compact construction results in a saving 
in space and installation expense. 


Control Boards 


The tendency is toward the so-called 
duplex board with control, indicating 
instruments, etc., on the front panels, 
and relays, meters, test blocks, and 
similar equipment on the back panels. 
In some of the larger power plants, super- 
visory type of control has been mounted 
on duplex panels. Such control eliminates 
some of the wiring complexities, permits 
a smaller switchboard control room, and 
makes it possible for the operator to fol- 
low station conditions more readily since 
the essential information is concentrated 
in a relatively small space. 

The advantages of supervisory control 
are secured by locating cubicles adjacent 
to the generators with which they are 
associated. The duplex switchboard 
located in the main control room has 
supervisory control over these cubicles. 
Only those indications and controls which 
are required for station operation are pro- 
vided on the duplex board, thereby re- 
ducing the number of instruments and 
devices, and the amount of interconnect- 
ing control cable. A signal system is 
used to indicate abnormal operating con- 
ditions, which in some instances may re- 
quire the attention and assistance of a 
generator floor man. In an emergency 
the generator floor man can take over the 
operation of the unit at the generator 
cubicle. 

Automatic synchronizing equipment 
has been provided to a greater extent 
than in the past, because the operation is 
accomplished smoothly and without the 
switchboard operator’s neglecting other 
important duties at that time. 


Station-Service Power 


The supply of station-service power, 
like excitation schemes, has run a varied 
and interesting course. Like excitation 
with which it has at one time or another 
been closely associated, the trend has been 
toward greater simplicity, influenced per- 
haps as much as anything by a careful re- 
examination of the basic service require- 
ments of the individual devices that make 
up the station-service load. After doing 
the same thing the same way for a few 
years, additional experience gained in 
that time frequently demonstrates that 
the requirements are not so severe as they 
had been assumed, or else the improve- 
ment in apparatus permits a simpler 
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solution. Such has been the case with 
_ station-service power. 


With the use of direct-connected ex- 


_ citers instead of motor-generator exciter 
_ sets, the principal reason for the shaft 


: 
? 


_ auxiliary generator was eliminated. The 


simplest and most economical system for 
obtaining station-service power, which at 
the same time possesses a high degree of 


. flexibility, has been obtained by connect- 


ing a small step-down transformer to the 
generator leads, either directly or through 
a disconnecting switch. This system has 
been widely adopted in the last few years, 
particularly in stations without a low- 
voltage bus. 

With this scheme the auxiliaries inti- 
mately related with each generating unit 
are fed from the transformer connected 
to the terminals of that generator. This 
transformer usually supplies a low-voltage 
bus from which emanate the leads to the 
various unit auxiliaries, such as governor 
oil-pump motor. To give duplicate ser- 
vice to this bus for emergency or starting 
up the station, power is fed from an ad- 
jacent bus, a house generator, or a high- 
voltage step-down station-service trans- 
former bank. 

Present indications are that the unit 
station-service-power scheme may be used 
in the future, even in stations with a low- 
voltage bus, since it permits the elimina- 
tion of an expensive high-interrupting- 
capacity switch position. 


Grounding and Protective 
Equipment for Generators 
and Transformers 


It is difficult to discern any particular 
trend in generator-neutral grounding and 
relay protection on units connected to 
low-voltage busses from which feeders 
emanate. Such generators are either 
solidly grounded or else grounded through 
a neutralimpedor. The limits are, on the 
one hand, a sufficiently low value to stabi- 
lize the system neutral, and on the other, 
high enough to minimize damage result- 


- ing from faults. 


In stations employing the unit system, 
where each generator is directly con- 
nected to the delta side of its own step-up 
transformer, the relaying and grounding 
trends have been interesting. In many 
stations, the generator neutral is solidly 
grounded. This permits the generator 
differential relay to protect the maximum 
amount of the generator winding on 
phase-to-ground faults, but on the other 
hand grounding the neutral solidly has the 
disadvantage of permitting the maximum 
amount of fault current. 

Damage resulting from a fault, how- 
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ever, depends on duration as well as 
magnitude. In following the approach of 
reducing fault duration, high-speed bal- 
anced-beam differential relays operating 
in one or two cycles have been used in a 
number of stations, instead of induction- 
type relays having six- to eight-cycle 
operating times. This reduces the over- 
all fault-clearing time from approximately 
14 cycles to 9 cycles where the generator- 
neutral breakers are used to unground 
the machine. 


Because of the increased cost of the very 
special current transformers now required 
to provide high-speed generator dif- 
ferential relaying and the comparatively 
small gain in time in extinguishing the arc, 
there is a trend back to induction-type 
relays. This trend is perhaps further in- 
fluenced by the feeling that if damage 
from line to ground faults is the principal 
reason why generator differential relays 
have been speeded up, then the more direct 
attack on the problem is to insert an ap- 
preciable amount of. resistance in the 
generator neutral, or unground it entirely, 
as has been done in some stations. In 
the latter case, a ground detector which 
signals the station operator, but does not 
trip the unit, is usually employed. This 
permits temporary operation until a 
shutdown can be conveniently arranged. 


There has been some interest in high- 
speed transformer differential relaying, 
but in the case of power-transformer pro- 
tection, the problem is more difficult than 
in the case of generator-differential protec- 
tion, for not only must instrument trans- 
formers be matched with bushing trans- 
formers, but even more important, pro- 
vision must be made to prevent false 
tripping during magnetizing inrush peri- 
ods. Despite these difficulties installa- 
tions of high-speed transformer differ- 
ential relays have been operating quite 
satisfactorily. The choice between high- 
speed and induction-type percentage 
differential relays is largely dictated by 
stability considerations. 

There has been a trend toward the in- 
creased use of bus differential protection 
where there were large concentrations of 
power because the preservation of service 
continuity requires the speedy clearing of 
the large resulting fault currents. From 
the protective standpoint the presence of 
large fault currents causes current-trans- 
former saturation that tends to operate 
the differential relays during faults ex- 
ternal to the bus. The relay current in 
the case of an external fault differs from 
that arising from a bus fault, in that it 
has a large harmonic content. The recog- 
nition of this difference has led to the 
development of a harmonic-restrained 
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high-speed bus differential relay, which 
will undoubtedly find increasing use in the 
future. 

In the past, generators feeding through 
step-up transformers were generally be- 
lieved to be immune to lightning due to 
the fact that the transformer bank would 
act as a buffer against incoming waves. 
It is now known that this is not entirely 
true, and consequently generator light- 
ning-protective equipment is commonly 
installed. Experience has indicated that a 
relatively small investment in properly 
selected equipment will provide a degree 
of protection that will result in a material 
reduction of the possible lightning stresses 
imposed on rotating machines and con- 
tribute to an appreciably increased se- 
curity against faults due to lightning- 
impulse voltages. 


Outdoor Substations 


The arrangement of the high-voltage 
equipment at a hydro station is largely 
influenced by the topography of the site 
and the location of the powerhouse. In 
those projects where the outdoor switch- 
yard is separated more than a few hundred 
feet, the general practice has been to lo- 
cate the step-up transformers adjacent to 
the powerhouse, and conduct the power to 
the outdoor switchyard by means of 
overhead high-voltage lines. 

Outdoor substations at 66 kv and above 
are commonly shielded by overhead 
ground wires which extend out over each 
line for at least half a mile. The use of 
overhead ground wires has increased the 
height of the outdoor structure somewhat 
and requires slightly heavier steel to carry 
the additional load, not only in dead 
weight, but also to carry the take-offs on 
the outgoing lines. These items represent 
only a small addition to the total cost of 
the station. 

Shielding of outdoor substations prac- 
tically eliminates the possibility of direct 
strokes nearer than half a mile from the 
substation, thereby limiting the incoming 
surges to a value that a lightning arrester 
can handle. In spite of a considerable 
discussion during the past few years of the 
real merits of plain gaps versus lightning 
arresters for apparatus protection, ar- 
resters continue to be in very general use. 
This is for the reason that gap settings 
which give a degree of protection compar- 
able to that of lightning arresters result 
in more dynamic flashovers than can 
ordinarily be tolerated. 


Power Transformers 


The trend in the design of power trans- 
formers continues to be in the direction of 
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improvement in the dielectric strength 
and refinements in mechanical construc- 
tion. Much attention has been given in 
the last few years to the study of insula- 
tion co-ordination, resulting in improved 
insulation strength to resist lightning, and 
the proper distribution of impulse stresses 
throughout the transformer winding ob- 
tained, for example, by the use of shield- 
ing. 

There is a trend in the larger size trans- 
formers toward the use of the gas-sealed 
unit, wherein the space between the oil 
and the cover is filled with dry nitrogen 
gas. In addition to providing a seal 
against the entrance of oxygen, moisture, 
dust, etc., some operators feel that the 
fire hazard is less, because the oil level is 
below the transformer cover. The out- 
standing contribution from the design 
standpoint toward minimizing the fire 
hazard in power transformers, however, 
results from the use of a noninflammable 
liquid instead of transil oil. Indications 
point toward an increased use of such 
transformers in the future. 

The general tendency in this country 
has been to install single-phase trans- 
formers to form three-phase banks, even 
where three-phase transformers were 
practicable from a physical standpoint. 
A re-examination of this problem from the 
standpoint of outage, handling, and re- 
liability, indicates an increased interest 
in three-phase units. 

Strange as it may at first seem, several 
recent large hydro stations have installed 
self- or forced-air-cooled transformers. 
The elimination of the cooling water 
system has influenced their selection to 
some extent. Another consideration was 
the ability to obtain outputs above the 
self-cooled rating with forced air. The 
latter is directly attributable to the gen- 
erator rating and temperature rise. Most 
generators rated 11 kv and above use 
class B insulation, with class A tempera- 
ture rise. Operating experience with such 
a design indicates a longer life and one 
capable of carrying some emergency over- 
load. This requirement may arise under 
the most favorable hydraulic conditions, 
since at that time the capacity of the 
waterwheel may be in excess of the normal 
generator rating. The air-pressure cool- 
ing equipment on the power transformer 
provides an economical means of obtain- 
ing transformer capacity to match the 
maximum generator output. 
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Step-up transformer high-voltage-neu- 
tral grounding shows a trend away from 
solidly grounding in the direction of 
grounding through an impedance, and in 
a recent installation at 220 kv this 
impedance was a Petersen coil. The ex- 
periences with these coils in this country 
in the last few years indicates a more 
general acceptance of this device for 
improving system performance. 

Because of the desire to obtain nonin- 
flammability of the liquid, as well as 
to eliminate explosions of the arc-formed 
gases, there is an increased use of non- 
inflammable synthetic insulating oil in 
station-service transformers, particularly 
those installed in the powerhouse. 


Summary 


From the foregoing discussion, it has 
been seen that the outstanding trends in 
the design and arrangement of electrical 
equipment in hydraulic power plants, 
with but a few exceptions, are toward 
greater simplification, reliability, and 
lower first cost. Inasmuch as fixed 
charges constitute the major portion of the 
cost of hydro power, a reduction in first 
cost affords the principal means for secur- 
ing a reduction in the cost of water power. 


Discussion 


J. H. Foote (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
This paper covers the subject in a compre- 
hensive manner and gives a good general 
picture of some of the developments in the 
design of hydraulic plants and the equip- 
ment which goes into them. Many of the 
types of design and the features outlined in 
this paper have been used successfully by 
our associated companies for a number of 
years. 


POWERHOUSE 


In 1925, we designed and built a hydraulic 
power plant, utilizing the semioutdoor type 
of construction, with two 1,060-kva units. 
This plant is of the automatic variety and 
this type of construction has proved satis- 
factory from an operating standpoint. 


GENERATORS 


We have also utilized the enclosed type 
of air-cooling system for the generators of 
one of our newer large hydraulic power 
plants with satisfactory results. 

It might be pointed out that the testing of 
umbrella-type generators in the field, with 
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the waterwheel attached, may be of small 

consequence if both units are of the same 

manufacture, but if different manufactures — 
are involved, it may be very important to 

be able to test the units individually. 


EXCITATION SCHEMES 


Direct-connected main and pilot exciters 
have been used on our hydrogenerators since 
1924 with satisfactory results. In fact, 
direct-connected exciters have been em- 
ployed without spare exciters or excitation 
busses since 1905 with success. No exciter 
failures have been experienced, and the 
practice of not providing spare sources of 
excitation has not caused us any difficulty. 
It is felt that the chief advantage of using 
the pilot exciter is that greater stability of 
the excitation system is obtained. 

It has been noted with interest that in 
certain cases field switches have been 
omitted. We have successfully operated 
four generators so connected since 1922. In 
many of our generator-overvoltage protec- 
tive schemes, the generator voltage regu- 
lators are depended upon for overvoltage 
protection. However, as a matter of back- 
up protection, or where voltage regulators 
are not installed, facilities have been pro- 
vided for tripping the field switch in case 
the generator voltage reaches an excessive 
value under runaway conditions. Where no 
main field switch is used, we have had suc- 
cess in using a small air circuit breaker to 
cut in resistance in the exciter field or to 
open the exciter field as a last resort. It 
also seems desirable to remove the excita- 
tion from the machine in case the differential 
protective equipment functions. A field 
switch in the exciter field seems to function 
satisfactorily in the absence of a main field 
switch. 

The necessity of providing special current 
transformers for high-speed differential re- 
laying is a problem requiring further de- 
tailed investigation so that a better under- 
standing may be had of the performance of 
current transformers during the early trans- 
ient stages of a fault. 


GOVERNOR FLYBALL DRIVE 


The use of an electrical drive for the 
governor has been a very desirable develop- 
ment, but our experience indicates that 
serious trouble may be experienced if the 
drive receives its energy from slip rings on 
the pilot exciter, especially if the generator 
is equipped with a voltage regulator. Per- 
manent-magnet generators provide a very 
satisfactory source of supply for governor 
motors. 


CONTROL BOARDS 


Our experience with automatic synchro- 
nizing equipment indicates that while 
satisfactory performance can be obtained 
under steady-state conditions, certain types 
of equipment may fail to function during 
transient conditions or emergencies, and it 
is most needed at these latter times. 
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Phase-A\ngle Control of System 


Interconnections 


By R. E. PIERCE 


MEMBER AIEE 


Synopsis: This paper describes an applica- 
tion of a new method of automatic control 
between two interconnected power systems, 
whereby greater utilization of the inter- 
connection capacity is secured. As the 
stable limit of the interchange between 
systems is affected by variations in the 
magnitude and location of intermediate 
loads on the respective systems, direct 
control of the phase angle between systems 
recognizes such variations and permits a 
flexible and more stable type of operation 
including, when desired, maximum trans- 
fers of energy. An indication of the 60- 
cycle voltage from a desired point on one 
system is continuously transmitted by 
means of carrier current, to a point on the 
second system where its phase position is 
compared with that of the 60-cycle voltage 
at the receiving point. The output of 
generating units at the control station is 
automatically regulated to maintain the 
phase angle between systems at desired 
values or within predetermined limits. 


HE power systems in the Pacific 
Northwest have been successfully 
_ operated interconnected for many years. 
In addition to the normal or routine 
functions, on several occasions these 
interconnections have been called upon 
to transfer large blocks of power and 
energy to alleviate abnormal conditions 
on one system or another, averting serious 
power shortages. 

Heretofore, the control of the power 
flow between these systems has been 
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accomplished principally by manual opera- 
tion. The amount of power which has 
been interchanged, under some condi- 
tions, and between some of the systems, 
has not approached the stable limit of 
the interconnections, and manual control 
has not been difficult. On some of these 
interconnections, however, experience has 
demonstrated, as in similar situations in 
other parts of the country, that because 
of the time required for communication 
and manual control of generating units, 
the interchange had to be regulated to 
values well within the stable limits, in 
order to prevent, or at least limit the 
number of severe disturbances otherwise 
occasioned by the systems separating 
due to relay action as stable limits were 
approached, or actually pulling out of 
step. 

In considering the application of 
automatic-control equipment for the 
interconnection between the systems of 
The Montana Power Company and The 
Washington Water Power Company, so 
that a flow of power closer to the stable 
limit could be safely carried, a new 
method of control, based upon the phase- 
angle difference between systems, was 
conceived and developed. This paper 
describes the application and the ex- 
perience so far obtained with this type of 
control. 


Description of Systems 
and Interconnection 


Figure 1 is a map of the Northwest 
showing the principal transmission lines 
of the several interconnected systems. 

On The Montana Power Company 
there is approximately 300,000 kw of 
hydroelectric generating capacity with 
250,000 kw usually in service. The total 
capacity will be increased to 350,000 kw 
in 1938. A large part of this generating 
capacity, and a substantial part of the 
load served, are both located in the Great 
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Falls area. Many of the larger individual 
loads served from this system, including 
hoists, railway, and dredge loads, are of 
such magnitude and fluctuating character 
that sudden load changes of from 5,000 
to 30,000 kw are not uncommon. 

The point of interconnection between 
The Montana Power Company and The 
Washington Water Power Company 
systems is at Burke, Idaho. For a num- 
ber of years previous, and at the time 
this application of automatic control was 
planned, the ability to interchange power 
between these two systems was limited 
by the single 110-kv, 170-mile trans- 
mission line of the Chicago, Milwaukee, 
St. Paul and Pacific Railroad Company 
between East Portal and Gold Creek. 
The capacity for power flow eastward 
was variable, depending upon seasonal 
variations in the Thompson Falls hydro- 
electric plant output. The second line 
from Thompson Falls, via Flathead to 
Anaconda, was added in March 1937, 
practically coinciding with the installa- 
tion of the phase-angle control equipment. 
The purpose of this latter transmission 
line was to transmit power into Montana 
during an unprecedented low-water period 
and to furnish a second channel for 
Thompson Falls power into the Montana 
system as well as that from Flathead. 
At later periods it is contemplated these 
lines may transmit power to the west. 

The Washington Water Power Com- 
pany system is also served by hydro- 
electric generation, with approximately 
200,000 kw of capacity, most of which is 
usually in service. A large concentration 
of capacity and load on this system is in 
the Spokane area. 

The Washington Water Power Com- 
pany system is in turn interconnected 
with the system of the Puget Sound 
Power and Light Company on the west, 
having approximately 300,000 kw of 
capacity. To the southwest, Washington 
is interconnected with the Pacific Power 
and Light and Northwestern Electric 
Companies, having an aggregate capacity 
of 120,000 kw. The Portland General 
Electric Company, 175,000-kw capacity, 
and Washington Gas and Electric Com- 
pany, 30,000-kw capacity, are in turn 
interconnected with the Northwestern 
Dlectric Company system in the Portland 
The Portland General Electric 
however, is not normally 


area. 
Company, 
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Major electric power systems—Pacific Northwest 


Figure 1. 
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operated in parallel with the Northwestern Electric 
Company when Northwestern is in parallel with other 
systems in Washington and Montana. 

For several years the Long Lake hydroelectric station 
of The Washington Water Power Company has served 
as the primary frequency-controlling station for the 
entire group of systems. Additional frequency-control 
equipments have been available at the Morony station 
in Montana and the Ariel station in the Portland area, 
but have not generally been used when operating 
interconnected with Washington. 


Operating Limitations With 
Manual Control of Interchange 


From previous operating experience, when trans- 
mitting power from Washington to Montana over the 
original connection, it was known that the systems 
were likely to pull out of step whenever the power 
input into the line at East Portal (interchange at 
Burke, plus Thompson Falls generation, less local 
load at Burke and line loss) reached values in excess 
of 50,000 kw. The normal practical operating limit, 
under manual control procedure, was considerably 
less, in the order of 40,000-kw maximum, or 35,000-kw 
average, because whenever attempting to operate at 
any higher value, the rapid ‘drifting’ of the power 
flow would reach the pull-out point too often. The 
usual “‘swings’’ in power over this interconnection were 
approximately 5,000 kw, with occasional swings of up 
to 15,000 kw. 

With the Thompson Falls plant output (40,000-kw 
maximum during high-water months and 20,000-kw 
average during low-water months) flowing eastward, 
the maximum permissible average power flow through 
Burke, Idaho, ranged from approximately 0 to 15,000 
kw. To obtain these average flows, with manual 
control, it was necessary to place observers at Burke 
and Gold Creek; the observer at Burke giving very 
close attention to the meters and promptly reporting 
excessive loading conditions to the observer at Gold 
Creek, who would in turn report conditions to the 
controlling station. Even with these precautions, 
from one to eight system separations would occur 
practically each day. 

Because of a combination of circumstances, includ- 
ing several successive years of lower-than-normal 
precipitation and run-off in Montana, it was decided 
in the fall of 1935 that the capacity of the interconnec- 
tion would have to be increased and at the same 
time maximum possible use might have to be made of 
this interconnection in transferring energy into Mon- 
tana during the succeeding one or two years. It 
was decided to build the second transmission line, 
referred to above, and install automatic control 
equipment, in order to increase the practical operating 
limit and the load factor of the interconnection. 


Experimental Tie-Line Load Control 


As a preliminary step, an experimental installation 
was made of automatic tie-line load control, based 
upon a measurement of the power flow in the 110-kv 
line at Gold Creek. A carrier-current-telemetering 
circuit, operating at 20 kilocycles over the private 
open-wire telephone line, with variable frequency 
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modulation, gave an indication at the 
pa hydroelectric plant of The 
Montana Power Company on the Mis- 
-souri River near Great Falls, Montana, 
of the power flow in the line at Gold 
Creek, The automatic-frequency con- 
troller installed at the Morony plant was 
temporarily modified and used for auto- 
‘matic tie-line load control. This type 
of automatic control gave a definite 
improvement in the interchange capacity ; 
the permissible average flow through 
Burke being increased to approximately 
21,000 kw, with separations of the sys- 
tems occurring on the average of only 
once every two days. 


Conception and Development 
of Phase-Angle Control 


In considering the alternate locations 
for a permanent installation of a tie-line 
load measurement and telemetering trans- 
mitter, it was recognized that no one 
location could be chosen where the tie- 
line load as such could be controlled to 
any definite quantity over a period of 
time, and at the same time secure the 
maximum possible transfer of energy 
between systems. With only the Chicago, 
Milwaukee, St. Paul and Pacific Railroad 
Company line constituting the tie be- 
tween systems, the power transfer at any 
point varied considerably due to the 
nature of the railway load. Not only did 
the railroad’s electric trains have a 
widely variable demand, but the location 
of the load along the transmission line 
varied as the trains progressed from one 
section to another. Furthermore, these 
trains employed regenerative braking so 
that at times, either a part or all of the load 
actually became generation with a corre- 
spondingly variable point of application. 
This was particularly true along the 110- 
kv line from East Portal to Gold Creek. 

For example, if the tie-line load at 
Gold Creek were to be controlled, the 
permissible power flow at this point 
would be greater when the intermediate- 
substation loads were light, especially at 
the Gold Creek end of the line, than when 
the intermediate loads were heavy. 
Consequently the control would have to 
be set for the smaller value of power 
transfer, to be safely within the stable 
limit under all conditions, and no ad- 
vantage could be taken of the greater 
permissible flow during a large propor- 
tion of the time. 

Likewise, if controlling the tie-line 
load at East Portal, for example, the 
control would have to limit the flow at 
this point to the amount that could 
safely be carried when the intermediate 
loads between East Portal and Gold 
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Creek were light, without taking ad- 
vantage of the greater permissible flow 
whenever a large part of the power flow- 
ing past this point was being consumed 
at the East Portal, or other substations 
near the western end of the line. 

It was also recognized that with the 
planned addition of the Thompson Falls- 
Flathead-Anaconda circuit, _ stability 
limits, division of power flow between cir- 
cuits, and permissible angular displace- 
ments between the systems would change. 

Inasmuch as stability is basically a 
function of angular displacement  be- 
tween systems, it was conceived by the 
authors that the phase angle itself should 
be utilized for the control of the inter- 
change, rather than a measurement of 
the power flow at any one point. It was 
proposed to transmit, by a continuously 
modulated carrier-current signal over the 
transmission circuits, an indication of 
the 60-cycle bus voltage at a point on the 
Washington system to a point on the 
Montana system. The received signal, 
being an indication of the angular posi- 
tion of the voltage in Washington, would 
be compared with the phase position of 
the local Montana 60-cycle bus voltage. 


of the following questions of fundamental 
importance; 


What location should be chosen on each 
system, for voltage measurement in the 
determination of the proper phase angle 
for control? 


What phase-angle distortion or attenuation 
would occur in the carrier-current equip- 
ment and transmission channels, from the 
transmitter input to the receiver output, 
and what variations would there be in 
this transmission under different operating 
conditions? 


What would be the effects of outages of 
lines at any point on the network between 
the two phase-angle determination points? 


Following co-operative studies with 
engineers of Leeds and Northrup Com- 
pany and Westinghouse Electric and 
Manufacturing Company, it was con- 
cluded that: 


1. The phase angle should be measured 
between the East Side substation, near 
Spokane, on the Washington system, and 
the Morony hydroelectric station, near 
Great Falls, on the Montana system. For 
practically all operating conditions these 
locations would be most representative of 
the hearts of the systems, and this phase- 
angle comparison, therefore, a _ better 
measure of stability between the two sys- 


A. With the predetermined limits of phase angle within a 


narrow range of large positive (or negative) values, resulting in 
operation close to the stable limit with maximum permissible 
power flow in one direction (or the opposite) 


B. With the predetermined limits of phase angle within a 
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narrow range between a small positive value and a small negative 


value, or wherever required, to result in a minimum average 
power flow between the systems, with maximum stability, and 


\ 
maximum ability of each system to help the other under emer- B ! 


gencies 


C. With the predetermined limits over a wide range between 
a large positive value and a large negative value, resulting in 
the least amount of control or definite scheduling of the amount 
of power flowing between systems, except as the stable limit 


was approached in either direction 


Based on a measurement of the phase- 
angle difference between these two volt- 
ages, the output of generating units at 
the control station selected would be 
automatically regulated to maintain the 
phase angle at the desired point or within 
predetermined limits. 

It was thought that phase-angle con- 
trol might provide several alternate 
methods of operation, including those 
shown in figure 2. 

Development and application of this 
method of control involved consideration 
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Figure 2 


tems. It appeared to have the further 
advantages of (a) immediately recognizing 
an outage of any line having an appreciable 
effect on the interconnection capacity, 
such as on the parallel lines between Spokane 
and Burke, or between Butte and Morony; 
(b) the receiver would be located directly 
at the station best suited for control pur- 
poses, due to the storage capacity, large 
and efficient units, and short penstocks, 
obviating the necessity for an additional 
telemetering circuit or a long-distance 
control circuit to the control station; and 
(c) the carrier-current equipment would be 
located at points well suited for adequate 
maintenance. 
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Carrier-current transmitter 


Figure 3. 


2. Carrier-current transmitting and re- 
ceiving equipment could be designed and 
built which would have an over-all shift or 
distortion, in the equipment itself, of a 
very small amount, probably less than five 
degrees, and that whatever distortion 
occurred would be essentially constant, 
and could therefore be corrected for. 


3. The phase-angle shift or distortion of 
the signal over the entire carrier-current 
transmission channel might be affected 
by variations in temperature or weather, 
particularly with sleet for example; how- 
ever, for long periods of time the distortion 
should be essentially constant and easily 
corrected for, and after some operating 
experience with the equipment, such gradual 
changes as occurred with changes in tem- 
perature or weather could probably be 
anticipated or followed fairly closely without 
materially affecting the degree of control. 


4. One effect of outages of lines at different 
points in the network between the two 
phase-angle determination points would 
be to increase the net or effective impedance 
of the tie, and decrease the permissible 
power transfer between systems. In this 
respect automatic control based on phase 
angle should inherently recognize such line 
outages and compensate for them in cor- 
recting the interchange to values of the 
same relative degree of safety, with respect 
to stable limits. 

Another effect of an outage of an inter- 
mediate line might be to change the phase- 
angle distortion or attentuation in the 
carrier-current measuring channel. As it 
was not planned to confine the carrier 
transmission to a single channel, it was 
believed that the loss of one of several 


86 TRANSACTIONS 


parallel paths in the carrier channel would 
not seriously affect the practical operation 
of the control. 


5. Phase-angle control equipment could 
readily be developed, and installed at the 
Morony hydroelectric station in Montana, 
having a generating capacity of 45,000 
kw in two units, using as a basis the already- 
developed phase-difference recorder, * which, 
together with the frequency-control equip- 
ment already installed, would provide the 
following alternate methods of control: 
Flat Phase-Angle Control. For controlling 
the phase angle to a predetermined value, 
or within predetermined limits, independent 
of frequency. 

Phase-Angle Bias Control. For control 
primarily to a definite predetermined value 
of phase angle, but with assistance given 
for short periods in the control of system 
frequency. 

Selective- Frequency Control. For control- 
ling to a constant value of system fre- 
quency, but only when in so doing, the 
correction would also assist in controlling 
the phase angle to a predetermined value. 
Flat- Frequency Control. For use as in 
the past, with isolated operation of the 
system 


It was decided to proceed with the 
development and installation of the 
equipment, and the complete phase- 
angle control system was placed in service 
in December 1936. 

The control equipment as installed 
provides for any of the four types of 
control described under conclusion 5, 
and the locations of the phase-angle 
determination points and control equip- 
ment were in accordance with the other 
conclusions outlined. 

The predetermined basic phase-angle 


a 


: 
-- 


Figure 4. Transmitter installation at East 


Side substation, Spokane, Wash. 
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difference for control is fully adjustable 
to any angle (0 to 360 degrees), but the 
width of band around this base reference 
control point is adjustable up to plus or 
minus 30 degrees. 

With reference to the three alternate 
methods of interconnected operation 
previously described in figure 2, and 
designated as A, B, or C, which were 
conceived as possible with this type of 
control, the equipment as _ installed, 
therefore, has sufficient flexibility for 
method A (maximum interchange in 
either direction); and method B (maxi- 
mum stability or minimum interchange), 
but method C (minimum control or 
scheduling) is applicable only within the 
range of plus 30 degrees to minus 30 
degrees. 


Description of Carrier- 
Current Equipment 


The carrier-current equipment was 
manufactured by Westinghouse Electric 
and Manufacturing Company and con- 
sists of: 


1. A transmitter, surge protective equip- 
ment, and coupling capacitors, located at 
the East Side substation in Spokane, on 
The Washington Water Power Company 
system. 


2. <A receiver, surge protective equipment, 
and coupling capacitors, located at the 
Morony hydroelectric station, near Great 
Falls, on The Montana Power Company 
system. 


The distance between the transmitter 
and the receiver, by transmission cir- 
cuits, is approximately 460 miles. Cou- 
pling is between one phase wire and 
ground. No wave traps were installed 
at any point, so that the carrier-current 
signal is permitted to flow over the entire 
110-kv network of the group of inter- 
connected systems. 

The carrier-current transmitter, shown 
in figures 3 and 4, has a frequency range 
of 50 to 150 kilocycles and is rated 150- 
watts modulated output. The oscillator 
is of the Colpitts type, followed by one 
stage of class A and one stage of push- 
pull class B amplification. The circuit is 
plate-modulated, using a single trans- 
former, with excitation from a potential 
transformer connected to the East Side 
substation 110-kv 60-cycle bus. The 
outdoor steel cabinet houses the tuning 
inductance as well as the transmitter 
proper. 

The carrier-current receiver, shown in 
figure 5 is of simple design, and consists 


*“Voltage Regulation and Load Control,”” H. C. 
Forbes and H. R. Searing, AIEE TRANSACTIONS, 
1934, pages 903-09. 
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of a detector and two stages of resistance- 
coupled amplification. The receiver de- 
livers one-watt output. Two tuning 
controls are used, one for input and 
another for grid tuning. Meters are pro- 
vided for indications of filament voltage, 
and final output plate current. The re- 
ceiver is housed in an outdoor steel cabi- 
net together with its tuning inductance. 
All the receiver components are mounted 
on one panel in this cabinet and can be 
readily removed. ‘ 

The surge protective equipment at each 
location consists of a 7,500-volt Deion 
fuse, two enclosed gaps, and one drain 


Carrier-current receiver 


Figure 5. 


coil, all equipped for outdoor mounting. 

The line coupling capacitors at each 
location consist of three suspension-type 
units connected in series with an over-all 
capacity of 0.00133 microfarad 

Since the accuracy of this equipment 
depends upon the constancy of the phase- 
angle difference between the transmitter 
modulating voltage and the receiver- 
output voltage, careful consideration was 
given in the design to limit this phase 
difference and to minimize variations 
thereof. The completed equipment was 
checked to determine the magnitude and 
variations in this angle, by means of a 
cathode-ray oscillograph, but the angle 
was found to be so small that it could not 
be accurately measured in this manner. 
For all practical purposes in this applica- 
tion, the shift in phase angle in the carrier 
equipment itself was considered to be of 
negligible magnitude. 

Another feature of this equipment, 
while not a new engineering development 
nor confined exclusively to this set, is the 
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use of iron-cored transformers for carrier 
frequencies of 50 to 150 kilocycles. By 
giving special consideration to leakage 
reactance and distributed winding ca- 
pacities, efficiencies have been secured at 
150 kilocycles that are comparable with 
commercial 60-cycle transformers. 


Description of Automatic- 
Control Equipment 


The fundamental control equipment 
for phase-angle, frequency, and load 
control was manufactured by Leeds and 
Northrup Company; auxiliary switch- 
board equipment by Westinghouse Elec- 
tric and Manufacturing Company. The 
complete control equipment as installed 
at Morony hydroelectric station includes 
the following major items: 


1. Manually operated phase shifter 


2. Phase-angle recorder controller with 
automatic-droop corrector 


3. Frequency controller 
4. Proportionate load controller 


5. Frequency recorder 


These various items perform the 
following functions in the complete con- 
trol system. 

The manually operated phase shifter 
is connected in the potential circuit from 
the Morony bus, and is used to shift this 
reference voltage by the number of 
degrees desired to be maintained be- 
tween the two systems. The controller 
will maintain this difference by control- 
ling to zero degrees on the phase-angle 
recorder-controller. Theoretically the 
phase shifter also may be considered 
available to correct or compensate for 
any phase-angle shift occurring in the 
carrier-current transmission of the remote 
reference voltage, but in practice this 
step is unnecessary and the over-all 
apparent phase-angle difference is used. 

As its name implies, the phase-angle 
recorder-controller produce« a graphic 
record of the relative phase angle of the 
local Morony bus voltage (as corrected 
by the phase shifter), with respect to the 
reference voltage (the received indication 
of the Spokane bus voltage). Deflection 
to the left of the center of the chart 
indicates Morony voltage (as corrected) 
lagging with respect to Spokane. In 
effect, therefore, this instrument gives a 
micrometer reading of the algebraic 
difference between the phase-shifter set- 
ting and the apparent phase-angle differ- 
ence between the bus voltages. The 
recorder has a range of plus and minus 30 
degrees which is more than ample to 
cover the normal variations from the 
base setting. This record on the ten-inch 
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chart gives a very open scale and permits 
direct readings to one degree of phase- 
angle difference. 

The measuring circuit of the phase- 
angle recorder is shown schematically in 
figure 6, and is basically a form of a-c 
potentiometer which employs the null 
method of measuring the angle between 
the two sources, shown connected to E1 
and £2. If these voltages are exactly in 
phase, the recorder galvanometer will 
balance when the pen and indicating 


GALVANOMETER 
MOVING COIL (6) 


GALVANOMETER 
FIELD 


Figure 6. Measuring circuit on the phase- 
angle recorder-controller 


pointer are exactly in the center of the 
scale. If the voltage of the Morony bus, 
as corrected by the phase shifter, lags or 
leads the reference bus voltage (the re- 
ceived indication of the Spokane voltage), 
in time phase, a current will flow through 
the galvanometer, causing the “micro- 
max’’ balancing mechanism to change the 
relative values of capacity and resistance 
in the measuring circuit until zero de- 
flection of the galvanometer is obtained. 
The recording pen and the indicating 
pointer move as a unit with the balancing 
mechanism to show the new phase-angle 
difference. 


Besides measuring and producing a 
graphic record of the phase-angle differ- 
ence, this instrument contains the neces- 
sary contacts and control slidewires for 
originating correcting impulses which are 
sent to the governor motors to vary the 
Morony generation as required to main- 
tain the desired phase angle. A unique 
feature of this control is an automatic- 
droop corrector which varies the rate at 
which the controller restores the phase- 
angle departures back to schedule. If 
the phase-angle trend is away from the 
control point, a proportionately larger 
correction is made than when the trend 
is toward the control point. In other 
words, the control action is a function of 
both magnitude of deviation and trend 
of the deviation from schedule. This 
prevents the tendency for the control to 
“hunt,” or “overshoot” and was found 
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to be an essential feature for this applica- 
tion. 

The frequency controller is of the 
standard proportional-step type. When 
the Montana system is operating alone, 
this instrument is used to maintain the 


frequency. It is also used in connection 


panels at 


Figure 7. Switchboard control 
Morony hydroelectric station 


with the phase-angle recorder to provide 
a bias of phase angle on the frequency 
for certain operating conditions. 

The proportionate-load controller is 
of a similar type and is used to divide the 
load swing with the second unit, regard- 
less of the type of control on the station. 

Contacts were added to the frequency 
recorder to trip the control when the 
system frequency departs a_predeter- 
mined amount from normal, such as under 
fault or surge conditions. 

With this equipment the following four 
alternate types of control, which were 
previously described, are available: 


1. Flat phase-angle control 
2. Phase-angle bias control 
3. Selective-frequency control 
4 


Flat-frequency control 


The change from one type of automatic 
operation to another is accomplished by a 
single station operation selector switch 
on the automatic-control panel. The 
appearance of this panel is shown in 
figure 7. Figure 8 shows the appearance 
in greater detail of the phase-angle 
recorder-controller itself. 
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Operating Experience 

The complete phase-angle control 
equipment was first placed in service on 
December 10, 1936. The phase-angle 
recorder-controller instrument initially 


installed was found to have an inadequate 
speed of response, as the changes in 
phase angle occurred much more rapidly 
than had been anticipated. The original 
instrument was replaced in July 1937, 
with one having approximately six times 
The opera- 


the rate of control response. 


tion of the control equipment has been 
very satisfactory and it has not required 
any maintenance other than oiling and 
cleaning. 

Operation of the carrier-current equip- 
ment has also been very satisfactory. 
The equipment was originally installed 
with coupling to two phases of the 110-kv 
system, but transmission tests indicated 
superior performance with coupling be- 
tween one phase and ground within the 
frequency band desired, and operation 
has been on this basis. It is very seldom 
that a signal failure occurs due to storm 
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conditions. While not provided in the 
original installation, an automatic alarm 
has since been added for signaling the 
attendant in the event of failure of the 
carrier-current signal. This consists of 
an electronic relay with the grid of the 
tube controlled positive by the incoming 
signal. On the failure of this signal, the 
tube stops drawing current and releases 
a relay, tripping off the automatic con- 
troller and operating an alarm. Main- 
tenance of the carrier-current equipment 
has consisted principally of tube replace 


Figure 8. Views of the phase-angle recorder- 
controller 
ments. Both the transmitter and re- 


ceiver have been modified in order to use 
standard tubes. 

Previous a-c calculating board studies 
indicated that when the new line was 
completed, a phase angle of approxi- 
mately 72 degrees between Spokane and 
Morony would be the ‘“‘practical steady- 
state limit,” with a corresponding total 
power flow eastward, consisting of the 
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interchange at Burke plus the Thompson 
Falis generation, of 75,000 kw, for the 
particular distribution of the inter- 
mediate loads assumed. This “practical 
steady-state limit” was the maximum 
power flow or phase angle possible, con- 
sistent with maintaining the minimum 
allowable operating voltages at sub- 
stations along the line. The theoretical 
steady-state power limit would be slightly 
higher, but was not determined in those 
studies. It was thought that in actual 
operation, the average amount of power 
delivered, and the phase angle to be 
maintained, would have to be limited to 
values less than the above, to allow for 
power swings between systems, or to 
approximately 65,000 kw average and 60 
degrees. 

Experience with the new line and the 
phase-angle control equipment in service 
has shown that when operating with an 
average indicated phase angle between 
systems of 55 degrees, the only separa- 
tions of the systems are those resulting 
from line troubles. At 60 degrees, sepa- 
rations are likely to occur about once 
every three days (from operation of an 
instantaneous undervoltage relay at 
Burke indicating instability). At 70 
degrees, operation is only possible with 
continuous vigilance on the part of the 
operators. The maximum indicated 
phase angle at which the systems have 
been operated under automatic phase- 
angle control, was 74 degrees, and under 
the system loading conditions existing at 
the time the total power flow eastward 
was 61,000 kw. 


The total hourly average power flow 
eastward, however, has often reached 
80,000 kw, the maximum recorded being 
82,700 kw. For this large hourly average, 
the flow during the hour varied from 
80,000 kw to 86,000 kw. The correspond- 
ing average phase-angle indication was 
approximately 55 degrees. Usually, how- 
ever, an indicated phase angle of 60 
degrees results in a power flow of from 
50,000 kw to 60,000 kw. 

Figure 9 illustrates the typical per- 
formance of the interconnection under 
automatic phase-angle control. In this 
figure, the first chart at the left is the 
system frequency, the second chart is a 
record of the power interchange at Burke 
(from 40,000 to 60,000 kw toward Mon- 
tana), the third chart shows the varia- 
tions in the phase-angle difference be- 
tween systems, and the chart at the right 
gives the record of the Morony plant 
output. It may be clearly noticed that 
over considerable periods of time, while 
the average phase angle remained es- 
sentially constant, the average kilowatt 
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Figure 9. Typical charts showing operation of interconnection under phase-angle control 


interchange between systems was con- 
tinually varying several thousand kilo- 
watts with occasional changes of as much 
as 6,000 to 10,000 kw. This illustrates 
the fundamental idea of phase-angle 
control as contrasted to tie-line load con- 
trol. Such changes in interchange indi- 
cate the normal variations in the location 
and magnitude of the intermediate loads 
on the two systems, and are to be ex- 
pected and desired under this type of 
control. Also illustrated in figure 9, at 
about 1 p.m., is an instance of the sys- 
tems separating unexpectedly, which 1s 
never desired. In this instance the 
apparent phase angle between systems 
reached a value of 76 degrees and the 
interchange at Burke 55,000 kw when the 
interconnection was opened by operation 
of overload relays. 

Figure 10 illustrates in greater detail 
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the typical comparative phase-angle varia- 
tions (a) when the automatic controller 
is out of service and with the Morony 
output regulated manually to maintain 
constant phase angle, and (b) with the 
automatic phase-angle control equipment 
in service. Whenever the Morony out- 
put gets outside of the regulating range 
of the generators in service, the phase 
angle, of course, cannot be held at the 
desired value. Such an occurrence is 
illustrated on this chart between 8 a.m. 
and 9 a.m. 

Usual practice so far has been to oper- 
ate with ‘‘phase-angle bias control,” with 
frequency as the major influence. It is 
expected that further operating ex- 
perience, not only with “‘nhase-angle 
bias control,” with varying relative 
degrees of influence between frequency 
and phase angle, but with ‘“‘flat phase- 
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Figure 10. Typical chart—phase-angle differ- 
ence—manual and automatic control 


angle control” and ‘“‘selective-frequency 
control,’’ will permit more definite con- 
clusions regarding the relative merits of 
different types of control for the different 
operating conditions that may arise. 

Figure 11 shows typical charts of sys- 
tem frequency and Morony plant output, 
when the Montana system is operating 
isolated from the other systems, with 
automatic-frequency control in service 
at Morony. A comparison of the fre- 
quency record with that shown in figure 
9 is of interest and of significance. The 
wider band of the frequency record in 
figure 11 is evidence of the relatively 
larger load changes with respect to the 
generating capacity, on the Montana 
system, as compared to the entire inter- 
connected group of systems. 

One of the difficult features in the 
control problem of this interconnection is 
the rapid power fluctuation as shown by 
the typical high-speed chart of power flow 
through Burke, figure 12. The governors 
and water wheels that are regulated by 
the phase-angle controller are not fast 
enough to eliminate these fluctuations, 
as tests have shown that the output of 
the generators does not respond to the 
control impulses for 41/2 to 5 seconds. 
While the controller helps to lessen the 
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Morony 
Output 


Montana system 
frequency 


Figure 11. Typical charts illustrating isolated 
operation of Montana system with automatic 
frequency control 


magnitude of the surges, it is obvious 
that any slow response of the governor, 
gate mechanism, and water column tends 
to lead away from the desired results. 
Further attempts are being made to 
secure faster action of the governor, 
thereby reducing the delay between con- 
trol impulses and water-wheel response. 

A co-operative study was made to 
determine the cause of these rapid and 
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~ companies. 
obtained in a unique manner which has 


persistent surges in power flow through © 
Burke by a committee made up of repre- 
sentatives from each of the interconnected 
Material for the study was 


many possibilities for further use. It 
being desired to secure simultaneous 
readings of power flow through inter- 
connecting ties as well as readings of 
power output at several stations, each 
company planned to install high-speed — 
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Figure 12. High-speed chart—megawatt 
interchange at Burke—power into Montana 
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-wattmeters at key locations and one vision of the power interchange, decreased 


company would secure a_ high-speed 
frequency record. 


In order to take numerous readings 
simultaneously, small homemade carrier- 
current receivers were installed at the 
location of each recording meter, with 
these receivers tuned to the phase-angle 
carrier frequency. In accordance with 
prearranged schedules, an observer at 
Spokane interrupted the carrier signal 
for a fraction of a second at regular in- 
tervals of 30 seconds. At each interrup- 
tion the various observers marked their 
respective recording charts. In_ this 
manner simultaneous readings of power 
flow were taken on the systems of the 
_ Northwestern Electric Company, Puget 
Sound Power and Light Company, 
Pacific Power and Light Company, The 
Washington Water Power Company, and 
The Montana Power Company. As 
these charts indicated that five out of six 
times when the flow of power into Mon- 
tana increased, the frequency was lower, 
indicating apparent power increases in 
Montana, and as it was not reasonable 
to believe that this proportion of the load 
changes occurred in Montana, further 
studies were made. It was concluded 
that many of the swings were not so much 
the direct result of actual load changes, 
as evidence of disproportionate and un- 
timely increases in power input from 
certain systems and stations in endeavor- 
ing to restore system speed to normal— 
definitely indicating a lack of co-ordina- 
tion of governors, both steam and hy- 
draulic. If all governors had the same 
speed of response, the situation should be 
considerably better. This problem is 
still being studied co-operatively by the 
several companies. 


Conclusions 


Installation of automatic control based 
on phase angle has accomplished the 
following: 


1. Made it possible more completely to 
utilize the capacity of the interconnection 
transmission facilities, practically up to 
the stable limit at all times, and thereby 
transfer greater amounts of energy. During 
one month, over 30,000,000 kilowatt-hours, 
an average of about 45,000 kw, or 70 per 
cent of the stable limit, were transferred. 


2. Improved the operating performance 
of the interconnection by permitting large 
transfers of power without mnumerous 
separations of the systems. The average 
power flow possible with satisfactory per- 
formance is in the order of 20 to 25 per cent 
greater than that possible with manual 
control. 


2 Relieved the operating personnel of 
much of the continuous and tedious super- 
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the number of telephone calls between 
operators and dispatchers, and minimized 


the manual operation of the controlling 
plant. 


Discussion 


V. M. Marquis (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The paper by Messrs. Pierce and Hamilton 


’ describes another method of approach on 


the problem of regulating power flow 
between interconnected systems and_ is 
especially applicable where there are many 
intervening loads, the magnitude of which 
are of a highly fluctuating character. As 
interconnected systems have grown, it 
has become more and more apparent that 
merely tying together systems does not 
mean interconnected system operation 
unless the technique of operating these 
interconnections is properly developed. 
Great strides have been made over the past 
few years in developing this technique and 
there still remains work to be done. 

On most large interconnected systems it 
has become apparent that to regulate 
properly the power flow between systems 
and thus maintain schedules manual control 
alone is not in general satisfactory. Some 
form of automatic control is usually neces- 
sary. For the most part it has been pos- 
sible to work out a combination of fre- 
quency and tie-line control by simply 
using an indication of the power flow on 
tie lines either at the point at which the 
regulating is done or by telemetering from 
the proper point on the tie line. 

The problem which the authors of this 
paper had to meet is somewhat more difficult 
due to the limitations in capacity of the 
lines and due to the nature of the loads 
tapped off between the systems. The 
result obtained in this case is ample proof 
of the effectiveness of the control system 
described by the authors. Although this 
development may have rather limited 
application, it is gratifying to know that 
another tool has been developed for im- 
proving the operating technique of inter- 
connected systems. 


A. N. Geyer (Woodward Governor Com- 
pany, Seattle, Wash.): It has been a 
pleasure to hear Mr. Pierce talk about 
this unique control arrangement, about 
which we have been hearing good reports 
at several other meetings here in the North- 
west during the past year or so. It has 
been my privilege to study even more 
accurate charts representing its per- 
formance, these being high-speed charts 
taken like the one of figure 12 at about 
one inch per minute. When such charts 
are assembled as in figure 9, with time 
markings all coinciding, the record of the 
phase angle is seen to follow very closely 
the changes of power in the tie line. Like- 
wise, a further comparison of the Morony 
output curve shows very definitely the 
extent to which these are in agreement or 
conflict. 

For example, take a conspictious increase 
in power flow toward Montana, and 
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straight below we look for an upswing of 
Morony output, with whatever delay 
actually occurs. Since this is given in the 
paper as being often four or five seconds, 
it seems unfortunate that the telemetered 
indication of upswing, after being trans- 
mitted immediately for several hundred 
miles to the generating station, is there 
delayed like this in going the remaining 
few feet to get the needed response on the 
prime mover, 

Regarding the later reference to the 
unco-ordinated action of various governors 
on the interconnected systems, this would 
seem very likely when remembering that 
a good many of these are early-day models, 
thus not representing a high-grade per- 
formance on a par with this other part of 
the equipment concerned in this new method 
of control. A direct showing of how such 
old governors often perform may be seen 
in those particular plants where the several 
units are in a line enabling an observer 
at one end and looking across them to see 
the relative movements, and as the speed 
changes in regular manner, the governor 
movements are seen not to be together, but 
even traveling in opposite directions at 
times, indicating that they can’t all be 
right. From what I have observed I feel 
this is an explanation of earlier reported 
hunting swings across this Northwest inter- 
connection that was observed to occur a 
few times a minute in a plain showing on 
the charts. But the case is different with 
modern precision governors, contrary to 
the commonly expressed fear of “‘governors 
fighting each other,” for if all are very 
sensitive to start early in any speed change, 
and are stabilized to stop where needed 
through proper dashpot action insured by 
correct field adjustments, they don’t do 
the wrong thing any more than does some 
other highly developed precision apparatus. 
Then with all working correctly in response 
to any change in speed, their benefits are 
cumulative in maintaining close speed. 

To bear out these statements by referring 
to a situation of interconnection and power 
regulation that is a very close parallel to 
the problem under discussion, I want to 
say that during the past year I have been 
working on improvements on governors 
where a rough mining load at one end near 
a group of hydro plants is connected over 
the mountains with a larger system which 
has a regular lighting and commercial load 
but uses‘an automatic frequency controller. 
The situation was just the same as here, 
in that the tie-line loading must not be 
allowed to go high enough to cause diffi- 
culty. Hence in order to prevent the 
heavy mining load fluctuations from flowing 
through the interconnection, these changes 
must be absorbed largely on their own 
system, that is, by their own hydro units. 
Now this must be done in spite of the 
average frequency controller on the other 
system. This called for the highest order 
of sensitivity in these governors, also the 
fastest rate of operation practicable. By 
modernizing these governors, they were 
put into the class of good modern governors 
and by using the very smallest droop prac- 
ticable, they were enabled to respond well 
to every quick change of speed to take most 
of the load changes on their own system. 
In order to help hold the steady-state 
loading desired in the tie line, a telemeter- 
ing arrangement was put in to indicate 
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in the controlling station the power flow 
in the interconnection. This is valuable 
to the operator in avoiding slow drifts at 
any time including those during the be- 
ginning and end of working shifts at the 
mines. 

In order to assist in this holding of the 
average loading in the tie line, it is the plan 
to go farther and make the whole thing 
automatic, by arranging to put this tie- 
line loading influence directly on the gover- 
nors. This is being done, however, in a 
manner considerably different from the 
usual practice of using the synchronizing 
motor, by making the action direct on the 
governor controls. It is hoped that more 
operating results of this whole equipment 
may be reported later. 


Sherwin H. Wright (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): In system planning and 
design it is usually transient stability, 
rather than steady-state stability that 
receives first consideration. This is logical, 
for steady-state stability limits are usually 
much higher and less important than the 
transient stability limits. Attention has 
therefore been focused for some time on 
methods of increasing transient stability 
limits, resulting in such developments as 
high-speed breakers and relays, quick- 
response excitation, and most recently, 
high-speed reclosing breakers. 

During this development period system 
interconnections have become the rule 
rather than the exception and while tran- 
sient stability of such interconnections is 
still lower than steady-state limits, yet the 
latter are for various reasons quite im- 
portant, as in the case described in this 
paper by Pierce and Hamilton. The 
authors describe a case involving several 
large-size systems as evidenced by the ca- 
pacities given in the article: 


Kilowatts 


The Montana Power Company.. . 250,000 


The Washington Water Power Company, .. 200,000 
Puget Sound Power and Light Company... 300,000 
Pacific Power and Light Company and 
Northwestern Electric Company........ 120,000 
Portland General Electric Company....... 175,000 
Washington Gas and Electric Company... 30,000 


Thus it is seen that the total generating 
capacity involved is considerable, and it is 
quite probable that there are similar system 
groups in existence where phase-angle 
control apparatus can be and will be suc- 
cessfully applied. 

It is pertinent to note that this phase- 
angle control equipment, since it controls 
the phase angle, is applicable in situations 
where phase-angle difference is a suitable 
and preferable control index. In the 
application described by the authors it 
was recognized (1) that the highest limit is 
the steady-state stability limit, (2) that the 
steady-state voltage limit is somewhat lower, 
and (3) that the control should be set for a 
value lower than (2) in order to allow margin 
for continual power swings between the sys- 
tems. 

As stated by the authors, the reason 
that kilowatt loading in itself is not a 
proper index is because along the inter- 
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connection there are loads which vary in 
both location and magnitude; such a 
situation gives phase-angle the preference 
over kilowatt loading as a control index. 
Under such conditions of variable location 
and magnitude of intermediate loads, phase- 
angle control may find successful applica- 
tion in not only cases where steady-state 
stability or steady-state voltage determines 
the practical operating limit, but also in 
cases where the practical limit is deter- 
mined by transient stability for faults’ on 
the interconnection itself. 


H. L. Melvin (Ebasco Services, Inc., 
York, N. Y.): This discussion of the paper 
by Messrs. Pierce and Hamilton is pre- 
sented for the purpose of amplifying some- 
what the section dealing with operating 
experience. Because of the familiarity 
of the discusser with the interconnected 
operation of the Pacific Northwest systems 
during the past several years, the liberty 
is being taken of relating two or three items 
of interest which might more properly be 
presented by representatives of the several 
utility companies. 

The paper gives a brief report of the 
high-speed chart-marking tests at inter- 
connection points and controlling power 
stations. It was suspicioned that varia- 
tions in governor sensitivity and dead 
time between the closing of governor- 
motor contacts and the kilowatt response 
of the generators were responsible to a 
large degree for the occasional large power 
swings and to some extent the amplitude 
of the regularly occurring swings. To 
check this suspicion, a photoelectric fre- 
quency recorder with an auxiliary me- 


chanical pen was borrowed from the General. 


Electric Company and preliminary tests 
were made to determine the characteristics 
of several governors on the interconnected 
systems. These tests demonstrated con- 
clusively that unco-ordinated governor and 
automatic phase-angle control action could 
be accountable for the magnitude of at 
least a part of the power swings. The tests 
were not complete nor was the frequency 
recorder alone adequate for the purpose. 
Accordingly, the Washington Water Power 
Company purchased and has just received 
a General Electric, two-element, photo- 
electric recorder which will make a record 
of frequency and kilowatts; also, it has 
two auxiliary pens for mechanical attach- 
ment, all on one variable high-speed chart, 
It is planned to use this instrument for 
analyzing, adjusting, and co-ordinating the 
operation of governors, also automatic 
tie-line load-control equipment on the 
interconnected systems. The recording and 
analyzing of power flow at interconnection 
points with variations in system frequency 
also can be accomplished. 

Since the paper was prepared, there has 
been placed in service an automatic tie- 
line load-control equipment of General 
Electric Company manufacture between 
the systems of the Puget Sound Power and 
Light and The Washington Water Power 
companies. Kilowatts interchange on the 
Chelan-Wenatchee interconnection is trans- 
mitted by carrier signals to the White 
River plant on the Puget Sound Company’s 
system and the output of this plant is 
automatically controlled to hold the inter- 
change at desired values. It, like the 
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New 


automatic phase-angle equipment between 
Washington and Montana, is working 
successfully. 

Though all of the systems from Montana 
to the Pacific Coast are now operated 
successfully in parallel, it is expected that 
improvements will be realized through 
further application of automatic load- 
control equipment and better co-ordination 
of governor and automatic control action 
after completion of tests with the photo- 
electric frequency and kilowatt meter. 
Progress will be made only if this work is . 
carried on in the splendid co-operative 
spirit which exists among the operating 
organizations; also between the electrical, 
hydraulic, and mechanical engineers in- 
volved. 

It should be remembered that the ca- 
pacities of the interconnections are rather 
limited and distances in the Northwest 
are relatively great. However, with maxi- 
mum utilization of the interconnection 
facilities it is believed that present capacities 
will be adequate for some time. Eco- 
nomics and service are controlling con- 
siderations rather than the control of inter- 
change to precise demand values, which in 
reality should have little if any place in 
interchange agreements. 


R. E. Pierce and B. W. Hamilton: The 
authors are gratified at the interest shown 
in the new method of control described. 
We concur in the view of the several dis- 
cussers, and would like to emphasize some 
of these points. 

Mr. Geyer brought out very well that 
the apparent lack of co-ordination between 
the various governors and with the auto- 
matic control equipment would perhaps 
not exist were the governors of modern 
and sensitive design and properly adjusted. 
We also anticipate that somewhat improved 
co-ordination and over-all system _per- 
formance can be obtained, even with the 
present installed governors, following com- 
pletion of the further studies mentioned 
and following whatever maintenance and 
adjustments that may be indicated as 
necessary. This will probably include 
making certain governors less sensitive for 
small speed variations (and considerable 
more thought being given to speed-droop 
setting). Mr. Geyer also describes a 
somewhat parallel case, where it is planned 
that automatic control of an intercon- 
nection will result in practically all of the 
load swings on one system being absorbed 
on that system. The results secured will 
be of interest, and we hope will be reported. 

As Mr. Marquis points out, some form 
of automatic control is usually necessary 
to maintain scheduled power flows between 
systems, but that in the situation described, 
we were attempting to do somewhat more 
than maintain a scheduled flow. Inas- 
much as any predetermined scheduling of 
power flow at some arbitrarily selected 
interconnection point (usually wherever 
ownership of facilities changes) does not 
always result in maximum utilization of 
the transmission facilities, it is pertinent, 
as Mr. Melvin has done, to raise the ques- 
tion as to whether definite scheduling of 
interchange flows to precise demand values 
is always the best over-all practice. In our 
opinion, there are probably many inter- 
connections where the full capabilities of 
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4 Static Power Limits of Synchronous 


Machines 


By CHARLES F. DALZIEL 


ASSOCIATE AIEE 


] pees paper presents an analysis of 
the determination of static power 


limits of power systems and offers an 
_ accurate method considering resistance, 


shunt loads, saliency, and saturation. 
The conventional methods of determining 
the static power limits of systems com- 
posed of synchronous machines and shunt 
loads based on unsaturated cylindrical- 
rotor theory’ give only approximate 
results. It is fortunate that the actual 
maximum power transfer is generally 
larger than the calculated value obtained 
from the customary analysis. Machine 
saturation and saliency increase the 
power limit, the difference decreasing 
with increased system impedance. The 
validity of the method is shown by the 
check between experimental values ob- 
tained from three small machines and 
theoretical curves. It was found that 
errors due to neglecting saturation are 
more significant than those due to 
neglecting saliency. 

Static power limits are important 
because they may be exceeded under 
emergency conditions, even though the 
system is designed to operate well below 
these limits normally. Although tran- 
sient stability will probably continue to 
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be regarded the most important factor 
limiting the power transfer through most 
practical systems, recent accomplish- 
ments which increase the transient limit 
reduce the difference between the tran- 
sient and static power limits, and an 
accurate analysis of static power limits 
is of increasing importance. It is possible 
that studies made on operating systems 
might indicate minor or preferred changes 
in load dispatching which would result 
in higher power limits and greater margins 


Figure 1. Vector 
diagram — synchro- 
nous generator- 


motor system 


SYNCHRONOUS GENERATOR 


(MACHINE 1) 


It has been shown that inertia effects 
may cause a difference between the 
maximum power output and the static 
stability limit! In the experimental 
work reported here, the difference be- 
tween the maximum power and static 
stability limits was negligible for syn- 
chronous generator-motor systems. Sys- 
tems involving two generators and shunt 
loads were much more stable, and it was 
possible to operate the machines with 
displacement angles up to 91 electrical 
degrees. However, when the displace- 
ment angles exceeded that corresponding 
to maximum power output, the machines 
were in unstable equilibrium and required 
very careful supervision, any slight mis- 
adjustments causing immediate loss of 
synchronism. It was concluded that 
for practical purposes static stability 
may be regarded as a problem of stable 
equilibrium in which all transient phe- 


SYNCHRONOUS MOTOR 
(MACHINE 2) 


of stability, ultimately reflecting in- 
creased reliability of system operation. 
Much data included in this paper 
were obtained by graduate and senior 
students under the writer’s supervision. 
No serious experimental difficulties were 
encountered, and a number of the runs 
were repeated and rechecked at various 


times during the past three years. 


the facilities should be utilized, and efforts 
made to equitably share the burdens and 
benefits between the interconnecting parties, 
rather than to make extraordinary efforts 
to control the operation to maintain arbi- 
trarily predetermined interchange values. 
We agree with the opinion expressed by 
Mr. Wright that phase-angle control may 
find application where the practical limit 
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is determined by transient stability, a 
well as in cases, such as the one described 
by the authors, where it was desired to 
operate beyond the transient stability limit 
and as close as practicable to the steady- 
state limit. In either case, the phase- 
angle difference between systems is the 
basic determining factor between stable 
and unstable conditions. 


Dalziel—Static Power Limits 


VOLTAGE DROP THROUGH 
TRANSFER EQUIPMENT 


nomena and inertia effects are neglected.” 
This is in agreement with the recent 
report of the AIEE committee on the 
subject.* 


The stability limit is determined by 
the first synchronous machine to reach 
its maximum power output. A system 
is considered stable if all the machines 
are operating in stable equilibrium. It 
will be unstable if any machine is un- 
stable.2 A machine operates in stable 
equilibrium if each additional increment 
of load is accompanied with a corre- 
sponding increasing increment of dis- 
placement angle. For each machine a 
critical load will finally be reached which 
is the maximum load the machine can 
carry and operate in stable equilibrium 
with respect to the other machines. If 
further attempt be made to load the 
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machine, it will be found that increasing 
increments of displacement angle are 
accompanied by decreasing increments 
of load, and the machine will be unstable 
equilibrium. 

Static stability refers to the normal 
power transfer through a system, and 
should not be confused with transient 
stability in which the effects of dis- 
turbances are considered. Two static 
power limits are distinguished: 


I. The steady-state power limit is defined 
as the maximum power that may be trans- 
ferred through a network without loss of 
synchronism when the machine excitations 
are maintained constant at the values 
necessary to produce the terminal voltages 
required for the initial system loading. It 
is assumed that the disturbance caused by 
the addition of each increment of load has 
ceased before the next increment is applied.‘ 


II. The dynamic power limit is defined 
as the maximum power that may be trans- 
ferred through a network without loss of 
synchronism when the machine excitations 
are varied either manually or by automatic 
devices to maintain the voltages at one or 
more points at constant, or at definite 
values. It is assumed that the disturbance 
caused by the addition of an increment of 
load is over before the next is added, and 
that the increments are applied at a slow 
enough rate to permit the restoration of the 
system voltages before the next increment 
is added. 


The power-angle equations for a sys- 
tem involving n salient-pole machines 
have been taken from Longley.® The 
general case is complicated due to the 
number of variables involved. For- 
tunately, the important two-machine 
problem can be solved easily and deriva- 
tions of power and current-angle equa- 
tions are given in the appendices. The 
author believes this is the first time con- 
cise equations for two salient-pole ma- 
chines have been published.® 


Determination of the 
Steady-State Power Limit 


The machine internal voltages are 
determined from the known or assumed 
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Figure 2. Variation of quadrature-axis syn- 
chronous reactance with air-gap voltage 
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load and substituted in equations 11 and 
12 (see figure 1). The displacement 
angle (6) is arbitrarily increased and the 
first machine to reach its maximum power 
output determines the power limit of the 
system. The steady-state limit is of 
minor interest in power systems, but it 
is important in determining the pull-out 
torque in synchronous machines using 
fixed excitation or manual control. 


Determination of the 
Dynamic Power Limit 


The dynamic power-angle curve inter- 
sects each of a family of steady-state 
power-angle curves at points of known 
voltage and current. The limit of stable 
equilibrium of a synchronous machine 
occurs when the dynamic curve inter- 
sects the first steady-state curve at its 
maximum point. This point may be 
determined by plotting stability coeffi- 
cients for increasing values of power or 
displacement angle. The first stability 
coefficient to change sign determines the 
power limit. Since the voltages and 
currents are known, equations 13 and 14 
are used to determine the stability coeffi- 
cients. For this case the system im- 
pedances contain X, of the machines, 
and EH, represents the voltage behind the 
quadrature synchronous reactance. 

Although not stated in the paper by 
Edith Clarke and Lorraine,’ their analysis 
may be used to determine the dynamic 
power limit of systems composed of 
three or more salient-pole machines if 
their equations 1 to 8 contain the X, 
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Figure 3. Unsatu- 
rated synchronous 
motor operating from 
an infinite bus 
SP—Salient pole 
RR—Round rotor 


SM—Synchronous 
motor 


SSPL—Steady - state 


power limit 
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of the machines and the corresponding 
voltages behind X,. 

For cases in which the system voltages 
are maintained constant, all shunt 
loads including synchronous condensers 
and induction motors may be repre- 
sented approximately by simple shunt 
impedances. This treatment assumes 
that the induction motor portion of the 
system load remains stable. Since the 
maximum power transfer is ordinarily 
limited by the synchronous machines on 
the system, this assumption should not 
introduce significant errors in the result. 
See references 2 and 7 for accurate treat- 
ment. 


Consideration 
of Saturation 


Saturation in the synchronous ma- 
chines was neglected in the preceding 
discussion. The power or current equa- 
tions give accurate results if saturated 
values of the machine X, corresponding 
to the machine air gap voltages are 
used.®8 Determination of the steady- 
state power limit is complicated by 
variations of X, and the correction for 
saturation with current. Fortunately, 
the dynamic limit, which is the most 
important from a practical standpoint, 
may be determined easily, since the 
voltages are known and the current or 
power is the independent variable. The 
saturated X, corresponding to the air-gap 
voltage is obtained and E, determined. 
These values are then used to determine 
the stability coefficients using equations 
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Figure 4. Unsaturated synchronous motor operating from an infinite bus, 


with series impedance 


13 and 14. In this case the system 
impedances, Zu, Zw, and Zy. contain 
the machine X,,, and the E,, are the 
corresponding voltages behind the X,.. 

It is believed that the dynamic power 
limit may be approached in large power 
systems, since variations in load generally 
occur at a slow enough rate to permit 
modern voltage regulators and governors 
to maintain the system voltage and fre- 
quency. The method permits an ac- 
curate determination including resistance, 
saliency, and saturation. It should be 
of particular value in determining the 
maximum power transfer over single- 
circuit tie lines, as well as the emergency 
power limits of transmission systems in 
general. 


Experimental Results 


The laboratory work centered about 
two similar synchronous machines rated: 
15 kva, 220 volts, 39.4 amperes, 1,200 
rpm, 60 cycle, 3 phase. The quadrature 
axis synchronous reactances versus air- 
gap voltage are given in figure 2.* 


* Per unit quantities are used throughout this 
discussion. 1.00 per unit power equals 15 kw. 
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The unsaturated machine constants 
are: 


Machine A. R, = 0.044, X,; = 0.072, 
Xa = 11d, X, = 0.742. 
Machine B. R, = 0.045, X; = 0.071, 


X, = 1.10, X_ = 0.722. 


Steady-State Power and Current 
Characteristics, Unsaturated 
Synchronous Motor 


Figures 3, 4, and 5 show calculated 
and test results of machine A, energized 
from an infinite bus at half voltage. 
With the excitation held constant, values 
of power and current were obtained for 
various loads up to pull-out. Theo- 
retical power and current-angle curves 
using both round-rotor and salient-pole 
analyses were plotted to compare results. 
Although the round-rotor theory yields 
poor results with respect to displacement 
angle, the differences at pull-out were 
small, and the errors decreased with 
increased system impedance. The differ- 
ence between the shaft and bus power 
was due to the J?R loss in the machine 
and series impedance. Motor power 
was plotted negative to avoid confusion. 
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Unsaturated synchronous motor operating from an infinite bus, 


with series resistance 


It was concluded that the common 
method of determining the unsaturated 
power limits should give results of suffi- 
cient accuracy for most engineering 
purposes. It will be shown that the 
effects of saturation are likely to cause 
much greater errors than those caused 
by neglecting saliency. 


Steady-State Power Angle Curves, 
Synchronous Generator-Motor 
System 


Figures 6 and 7 show calculated and 
test results with machine B driving 
machine A. With the excitations held 
constant, corresponding to approximately 
half voltage at no load, values of power 
were obtained for various loads up to 
pull-out. Again the agreement between 
test and calculated results substantiates 
the analysis and should lead to a better 
understanding of the unsaturated syn- 
chronous machine. 


Figure 8 shows similar results under 
saturated conditions. For the steady- 
state test, the machine excitations were 
held constant corresponding to rated 
voltage at no load. The power-angle 
curve was obtained as before. Calcu- 
lated power-angle curves using unsatu- 
rated machine constants are included for 
comparison and indicate the necessity 
for considering saliency and saturation 
if accurate results are required. It is 
obvious that this statement applies to 
both steady-state and dynamic power 
limits. It was concluded that errors 
due to neglecting saturation are more 
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significant than those due to neglecting 
saliency. 

For the dynamic stability test, the 
machine excitations were varied to hold 
the motor terminal voltage and power 
factor constant at unity. The dynamic 
limit of the system was not reached due 
to limitations of equipment. The corre- 
lation between observed and calculated 
values for this highly saturated case is 
an indication of how accurately satura- 
tion may be included, since Ey was held 
constant at rated value and FE, varied 
from 1.00 to about 1.25. 


Two Synchronous Generators, 
Variable Shunt Load, and Series 
Impedance 


In this test an attempt was made to 
duplicate the general two-machine prob- 
lem. A variable three-phase balanced 
resistance load connected to the terminals 
of generator A was energized from both 
generators. The power supplied at the 
load was held in the ratio P\/P, = 2/1, 
and the frequency was held at 60 cycles. 
Starting at no load, the delivered power- 
angle curves were obtained by gradually 
increasing the shunt load. 

For the steady-state test the machine 
excitations were held constant corre- 
sponding to a no-load voltage, E, = 
0.4515. The load was applied and the 
power-angle curve obtained. It is in- 
teresting to note that the two generators 
were inherently more stable than during 
the generator-motor tests and several 
points were obtained in the region of 
unstable equilibrium (see figure 9). 

For the dynamic test, the machine 
excitations were varied to hold the load 
voltage constant (ZH, = 0.4515), and the 
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Figure 6. Unsatu- 


tated synchronous 
generator-motor sys- 
tem ° 20 


5G — Synchronous 
generator 


power factors unity at the load. The 
method of calculating the dynamic curve 
will be illustrated by a specific example. 


Let P = 0.50, Pi = 0.338, and P, = 
HO 8, = 1.108/0, 
I, = 0.738/0 and Ih = 0.370/0 


The series impedance, Z, = 0.123 + j0.692 
0.702/79.9 


0.167 


ll 


Fy rs Ey + WiZe 
= 0.4515/0 ae 0.738/0 x 0.702/79.9 
= 0.744/43.2 
Ea = + hZy 
= 0. 744/43. a0): 738/0(0. 045+ 70.071) 
= 0.804 
Xq = j0.571 from figure 2 
Ea = Ey + LZ 5, 
= 0.744/43.2 + 
0.738/0 (0.045 + 70.571) 
a 1.096/58.2 


By a similar pees Xq = j0.723 and 


Ew = 0. eed 
ba = 58.2 — = 28.5 
a1 = (0.045 ry 123) + j(0.571 + 0.692) 


= 1.272/82.4 
a = (0.044 + 70.723) = 0.724/86.5 


0.4515/0 
= £2/I = ——= = 0.40 
it a/ 1.108/0 70 
22 = 2 + 2 + 282/23 = 3.14/129.6 


—39.6 
Si = cos(28.5 + 39.6) 

= 0.373 from equation 13 
S: = cos(28.5 — 39.6) 

= 0.981 from equation 14 


The complete curve was obtained by 
repeating the process using increasing 
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Figure 7. Unsaturated synchronous generator-motor system, with series 


resistance 


values of power. It was noted that this 
operating condition required large in- 
creases in £,, and X,, varied from 0.700 
to 0.468 due to saturation. Unfortu- 
nately the dynamic stability limit was 
not reached due to limitations of the 
equipment. 

The dash-line curves of figure 10 
illustrate the determination of the dy- 
namic limit when the machine excitations 
were varied to hold both generator 
terminal voltages equal at 0.4515. The 
stability coefficient S,;, indicates a theo- 
retical maximum delivered load of 0.280 
per unit. Although it was possible to 
supply a slightly greater load, the system 
became very unstable and soon lost 
synchronism. 

The solid-line curves of figure 10 
illustrate the determination of the dy- 
namic limit when a 7.5-kva 220-volt 
19.7-ampere cylindrical-rotor machine 
used as a synchronous condenser was 
connected at the load to maintain 
voltages. During this test the power 
supplied to the load was held in the 
ratio Pi/P, = 2/1, and machine A was 
held at unity power factor. The losses 
of the condenser were considered as part 
of the load. Stability coefficient Siy 
determines the stability limit of the 
system with a delivered power equal to 
0.270 per unit. 

The assumption that a synchronous 
condenser can be replaced with a static 
condenser for dynamic analysis is verified 
from inspection of the curve. Experi- 
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mental points using three different static 
condensers are in good agreement with 
the other results. 

Calculated curves showing various 
factors which may limit the power 
transfer for this typical system are 
given in figure 11, in which the ratio 
P;/P» has been varied over a wide range. 
The assumed operating conditions were 
the same as those of the preceding test. 
The rapid increase in dynamic stability 
occurs when the machines are operating 
with nearly constant displacement angles 
between them, a condition similar to the 
dynamic curve of figure 9. A similar 
study applied to practical systems might 
indicate that large increases in the maxi- 
mum power would be realized by minor 
redistribution of the system generating 
capacity. Curves of this type should be 
of interest in determining the conditions 
for optimum power transfer and suggest 
the extreme conditions to be considered 
in transient stability studies. 


Practical Application 


The power limits of several actual 
systems were determined to illustrate the 
possibilities in the way of practical 
application. Although the actual power 
limits were unknown, available operating 
experience was consistent with the con- 
clusions reached. The reactances of 
most of the machines were not available 
and typical unsaturated values were 
used.*!0 These were multiplied by 
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Ze= 0.136 +J 0.910 


0.90 to give a conservative correction for 
saturation. |! 


San Drieco Consouipatep GAs AND 
ELECTRIC-SOUTHERN CALIFORNIA 
EpIsON INTERCONNECTION 


In the summer of 1932, the small 
50/60-cycle frequency converter inter- 
connection of the San Diego Consolidated 
Gas and Electric-Southern California 
Edison Company was operated for a 
considerable period in utilizing ‘‘spill- 
way’’ from the Edison system. During 
certain times of the day when the system 
loads were changing most, it was a com- 
mon experience for the converter load 
to increase to some value slightly in 
excess of 7,500 kw, and its breakers 
would trip on out-of-step operation. The 
converter excitation system included one 
automatic voltage regulator which could 
be connected to either side of the ma- 
chine. It was found possible to choose 
the system on which instability would 
develop, and best results were obtained 
with the regulator connected on the 60- 
cycle system. It was desired to hold 
the average converter load at about 
5,000 kw. 

In calculating the dynamic power 
limit it was assumed that all terminal 
voltages were maintained constant at 
rated values and that the San Diego 
system loads remained constant at the 
average values given in figure 12. It 


was concluded that the 60-cycle side of 
the converter should control the dynamic 
stability of the system and permit a 
maximum load transfer of approximately 
16,400 kw (see figure 13). The steady- 
state power limit of the 50-cycle system 
was determined at approximately 8,000 
kw assuming constant converter excita- 
tion corresponding to an initial load 
transfer of 5,000 kw. The result com- 
pares favorably with operating experi- 
ence and stresses the value of automatic 
excitation equipment. It is the writer’s 
opinion that the higher power limit could 
have been approached and the operating 
difficulties reduced had modern excita- 
tion equipment been provided. 


Hetrcn Hercuy-Pacrric GAS AND 
ELECTRIC SYSTEM 


The City of San Francisco’s Hetch 
Hetchy system is an example of a large 
hydroelectric project feeding power over 
a long transmission line into an infinite 
bus (see figure 14). Since the lines were 
originally designed for 154 kv, but were 
insulated and operate at approximately 
110 ky, and the operating orders limit 
the power transmitted over one line to 
40,000 kw, it was thought that a study 
of the maximum or emergency power 
limits, might be valuable as well as in- 
structive. The dynamic power limit 
was determined at approximately 92,500 
kw for normal operating voltages and 
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Figure 9. Steady-state and dynamic power limits of a two-generator 


system including series impedance and variable shunt load 
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one line in service. With the exception 
of the generator quadrature reactances, 
actual system constants were used.!? 

Several times during emergency switch- 
ing and trip-outs, full load (approxi- 
mately 77,000 kw) was dumped on the 
remaining line for a few minutes until 
the station operators had time to re- 
adjust the governors. It was reported 
that although there was naturally quite 
a disturbance when one line went out, 
(depending upon the severity and loca- 
tion of the trouble) in no case was there 
any indication of instability when one 
line was carrying the load. This is 
consistent with the calculated value and 
should increase confidence in the proposed 
analysis. 


BOULDER DAM SYSTEM 


The dynamic power limit of the Boulder 
Dam-City of Los Angeles system should 
be of considerable importance, since the 
system originally designed for a transient 
stability limit of 235,000 kw has already 
carried peak loads of approximately 
281,000 kw. System data were taken 
from Scattergood’s paper,!* and supple- 
mented with the actual quadrature 
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Figure 10. Dynamic power limits of a two-generator system including 
series impedance and variable shunt load 


Subscript a denotes data obtained with no condenser 
Subscript b denotes data obtained using condensers 


Generator A excitation varied to hold Ph at unity 
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A Points obtained using a static condenser in 
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0,4515 constant 
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5C—Synchronous condenser 


reactances of the Boulder Dam genera- 
tors. The equivalent steam-plant im- 
pedances were assumed by the writer. 
The Los Angeles load was assumed at 
0.80 power factor lagging and the theo- 
retical synchronous condenser kva re- 
quired to maintain the system voltages 
was computed. Using a factor of 0.80 
to allow for imperfections in assumptions, 
system hunting, etc., the dynamic de- 
livered power limit of the 275-kv trans- 
mission system was approximately 
294,000 kw with the steam plant floating. 
The power limit increased materially as 
the steam plant was given load. It may 
be interesting to mention that similar 
studies using round-rotor theory and 
neglecting saturation lowered the theo- 
retical dynamic power limit 43,000 kw. 
Perhaps a more important problem 
involves the dynamic power limit with 
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controlling © power 
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one line section out of service; however, 
lack of time prevented extended investi- 
gation. . 

The above examples and practical 
problems should be sufficient to illustrate 
the application of the static stability 
limits of power systems. It is believed 
that the effects of saliency and satura- 
tion are of sufficient importance to war- 
rant consideration, especially for prac- 
tical cases where an accurate determi- 
nation of the maximum power limits are 
under question. 
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Derivation of Power-Angle Equations 


The following is an extension of the 
familiar power-angle equations. Lower- 
case bold-face letters are used to denote 
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Figure 13. Dynamic power limits of 50/60- 
cycle converter 
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The impedances contain the system 
parameters, machine resistance, and the 
quadrature-axis synchronous reactance, 
Obviously the scalar value of Zin = Zp, 
and ¢in = $n. Let 5, be the angle of Cun 
from a reference. 
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The relation between /; and Ey, is apparent 
from figure 1: : 
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Substituting equation 5: 
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represents the quadrature-axis component; J g,= = Sin éu, lan = os sim (Oia - fia), -. 12 ze 
similarly, subscript d denotes the direct- Zu 12 
axis component. The first numerical sub- a pees (Xan = Xn) 
script following g or d refers to the voltage ee io. sin (6;, + din) ins ma oa 
producing that current. The second nu- In 
merical subscript, or when only one sub- eee La ; Pe Then 
script is used, denotes the branch or ma- Substituting a, = 90 — ¢n in the foregoing: 
chine considered. Subscripts g or d used a ae Ey = AiEq — EgBu cos (612 — a2) — 
with reactance refer to the synchronous- in Se Stacie. de zon (82 — ay2).... + EqgBis Cos (513 — a3)... — 
machine constants according to present Zu 12 EgnBin COS (81n — ein) 
usage. The system impedances are denoted aa io 
by a double subscript notation consistent — sin (6, — ayn) (4) Similarly 
with the above.?»5:610,14 In 
= — on — aire 
Referring to figure 1, the shaft power and Eiix sahara kl on) ig 
output of machine 1 is: heck oe 
: En Eq EqnBxn Cos (dkn — cxn) (7) 
P, = Eqla (1) Ta =< — COS) 47 == oa cos (612 — a2). eee 
; sg a ed Values of En, Ego, E gz... Eqn, are obtained 
gee ele oF eapex position Eqn cos (3 ) (5) from simultaneous solution of these equa- 
seal ey 
Tq = Iqu — Iga Whe (2) In bs ' tions, for example, see equation 8. 
A, — By cos (d12 — aie) Bao En — Bin Cos (d:n — ayn) 
— Ba, cos (621 — @21) A, . Ex — Ban COS (Sen — an) 
—Bycos (841 — ax) —Biz cos (5x2 — ona) Ex —Byncos (Skn — an) 
— Bn, cos (6n1 — ani) — Bnz cos (nz — One) Ein An (3) 
—. A, — By cos (512 — az) —Byx, cos (51% — ox) — Bin cos (5:n — an) 
— Bz; cos (821 — a2) Ay — Box cos (52% — ax) —Byy, COS (52n — On) 
— By, cos (8m — om) —Brz cos (dx2 — axe) Ax — Brn cos (dxnn — kn) 
—Bry, CoS (8m: — Oni) —Bnz COS (Snz — nz) — Bry, Cos (nx — nk) eae An 
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The power equations for the two machines are obtained from equation 6. Substituting 
26, = —dy and rearranging: 


Bae EqkEg .. 
a Sein any + Se ei (512 — ae) 
Zu Zi 
Pee (9) 
Ey? : : 
P, = ae sin a2 — oe Sim (812 + ai) j 
22 Zi. 


From equation 7: 


Ey = AiEq — EeBy cos (812 — aus) 
Ey = —EqBa cos (de + a2) + Arka 


Solving for Ey and Eg and simplifying: 
AsEn + Ei2By cos (612 — ar) } 


E. = 

e AjAo + Bo By sin® ar — Bo By. cos? 612 (10) 
ie Ai Ep + Ej, Bn cos (512 + aie) j 

e AjAo + Bz By sin? ay2 — Bz: By cos? 512 


Substituting equation 10 in equation 9 gives the power-angle equations for two salient- 
pole machines. The stability coefficients are determined by differentiation. Only 
significant terms are included. Common multiplying factors and terms becoming 
negligible at the maximum power output have been omitted. 


PowER-ANGLE EQUATIONS FOR Two SALIENT-POLE MACHINES 


The shaft power output of the leading machine is: 


P = [ Aoki + Ex2Byw cos (S12 = ane) 2 sin a1 af 
: AA, + ByBa sin? a» — ByBo; cos? 512 Zu 


| AE + EpBi cos (812 — ai) x 
AjA_z + By.Bo; sin® aig — Bi2Bo, cos? 612 


[ AiE2 + E£y1Bai cos (612 + ane) 
A,A_y + By.Bo; sin? ay — ByBo cos? 12 


sin (612 — an) 
Z12 


The stability coefficient of the leading machine is: 


Si = A, Aoki Lin cos (612 = a2) + A, Ein? Bis cos 2( 612 = ane) + A,Fy?Bay cos 2612 = 
Z 
2AxEnEyBy 5 sin on sin (62 — 2) (11) 


ll 


The shaft power output of the lagging machine is: 
| AE in + En Boy cos (612 ++ a2) 2 sin a2 
AjAy + ByBo; sin® ay — BiBs; cos® d12 Zx 
[ AsEn + Ej. Biz cos (61 — ay) 
AjA2 + By2Bo; sin? a2 — Bi,Bo: cos? d12 
| A, Eig + Ei Bai cos (S12 + ar) 
A,A2 + ByBo sin? ay — ByBo, cos® 51» 
The stability coefficient of the lagging machine is: 
So = A, AcEnEL in cos (612 _ a2) + AoE? By cos 2( 612 -- an) +b A, Fin? Bis cos 2612 -- 
Zy , ; 
2A Fy Bay on $1 @2 SIN (12 + a2) (12) 


22 


P, 


sin (812 + a2) 
Zi. 


Where: 612 is the displacement angle between the axes of machines 1 and 2 in elec- 
trical degrees. Zu, Zo, and Zp are the driving point, receiving point, and transfer 
impedances, respectively, and contain Xq of the machines. ay, ax, and ay are their 
associated angles (a = 90 — ¢,). In most cases the a angles are small, and the output 
of a generator is positive; similarly, the output of a motor is negative. 

When the machines have round rotors the A constants become unity, the B terms 
zero, and the machine X, = Xy, EF; = Eg. 


POWER-ANGLE EQUATIONS FOR Two Rounp-Rotor MACHINES 


- sin ay Euke : 
12 = Jb RE a + ee sin (612 _ a2) Si = cos (62 — a2) (13) 
SiN a2 Haka 
= 2 —— §_ iy 
P» Ea Zon Ap sim (O12 + ay) S2 = cos (S12 a6 a2) (14) 


These equati 1 h ili i 
sé equations are recognized as the familiar round-rotor power equations. They 


may be used to determine the power transfer between two round-rotor machines, or any 
two points of known voltage, Eg, and Ey». : 
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Appendix Il 


Derivation of Current Equations 


The machine currents are given by 
equations 4 and 5. Similarly, the voltages 
are obtained from equation 7 or 8. The 
machine currents for the two-machine 
case are derived as follows: 

The component currents of machine 1 
are: 


E, Joy 
Iu = —2 sin [oanl BiVageal sin (S12 = a2) 
iB! 212 
E E 
In = —“cosay — —© cos (2 — on) ae 
ll 12 


and the component currents of machine 2 
are: 


En . En , 
In = —© sin a — — sin (d2 + ar) 
22 Zi2 


E E 
Ta, = >" cos an — — cos (812 + ai2) (16) 
si er 


Substituting EZ, and Ey from equation 10 
in equations 15 and 16 gives the— 


CuURRENT-ANGLE EQUATIONS 
FOR Two SALIENT-POLE MACHINES 


The quadrature-axis component of cur- 
rent of the leading machine is: 
Iq = 
| A,B; +£inBis cos (612— a2) il 
A,A2+ BiB, sin? ay2 — BiB: cos? 5a 
sin ayy 
Zu 
| A, Ej2+ Ey, Ba cos (612+ a2) | 


x 


ao 


A;A2+By2Bo: sin? a12 — By2Bo1 cos? 512 
sin (612 = a2) 
Z12 
The direct axis component of current of 
the leading machine is: 
Ta Sa 
[ AoE +EpBi cos (612 — ai) 
| AAe+BuBe sin? a2 —By2Bz) cos? db 
COS @11 
Zu 
[ A, E+E; Ba cos (612+ a2) 2 
| AiA2 +By2Bo; sin® ay. — By.Bo; cos? | 


cos (612 — a) 
Zi2 


The total current is: 


= WV Tq? ae Laie (17) 


at an angle = tan! Jq,/I,, from the axis of 
machine 1. 
The quadrature-axis component of cur- 
rent of the lagging machine is: 
In = 
| A, Ex +Ei1Ba cos (512+ a2) 
AjA2+ByBoy sin? aye — By.Bo cos 619 
sin a2 
LZ 
[ A,Ein+EnBucos(6:—an) | x 
AjAo+By.Bz; sin? a12 — ByB2 cos? Sen 
sin (612 + a2) 
Z2 
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| A4:42+Bp Ba, sin? Q12 — ByBy cos? Oi 
‘ COS Qo. 
Z 


[ A, Ei, +EyBu cos (612—a1) 
L4142+B,2Bai sin? ay — ByBo cos? 619 
cos (d:2 + ar) 
Zi 
2= V Ten? = Lan? 
at an angle = tan“! Jyo/Iq. (18) 
When the machines have round rotors 


he A constants = 1, the B constants = 0, 
he machine X, = Xq, and E; = Eq. 


SURRENT-ANGLE EQUATIONS 
FOR Two Rounp-Rotor MacuHINES 


x Ea sin a1 Ea sin (dis =— a2) 

—— a 
Zi Zig 

aa Eq cos an Ea cos (812 — ay) 


Zi Zi2 
= Va? + Ta? 


at an angle = tan“! Jq,/I,, (19) 
ind 
, p Eas sin ao2 4: Eu sin (S12 _ 12) 
r Zn Zu 
: Egg COS a2 Ea cos (812 + ary) 
2 = —— > a a elo ee 
Zx2 Zi 
6 =%V Iq:? = Ia? 
at an angle = tan 'Igo/Ig, (20) 


It should be noted that the component 
‘urrents refer to the axes of the particular 
nachine considered, see figure 1. 
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Discussion 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The experimental 
checks which the author has obtained are 
very good and appear to substantiate his 
conclusion ‘‘that for practical purposes 
static stability may be regarded as a prob- 
lem of stable equilibrium in which all 
transient phenomena and inertia effects 
may be neglected (reference 2).’’ How- 
ever, as the author’s experimental results 
necessarily only covered a very limited 
range, it is desirable to view any general 
conclusions drawn directly from such ex- 
periments quite critically. Mr. Dalziel’s 
reference 2 presents a conservative method 
for determining the stability limit which 
has great practical value when applied 
with a knowledge of the conditions under 
which the results may be too conservative. 
Discussions of the limitations of the method 
may be found on pages 475, 476, 601, and 
602, AIEE Transactions, volume 53, 
1934. An example of a case in which the 
inertia effects are important is a large 
generator delivering load to a large shunt 
load of constant impedance and a small 
synchronous motor. Actually the angular 
displacement between the motor and 
generator may approach 180 degrees with 
stable operation. Such a conclusion may 
be reached analytically when the relative 
inertia of the generator and motor are 
considered. 

Reference is also made in the paper to 
the report of the AIEE subcommittee on 
stability (reference 3), to substantiate 
the contention that the inertia effects may 
be neglected. The subcommittee report 
must have been unintentionally misleading 
to the extent that it was possible for Mr. 
Dalziel to misinterpret it in this respect. 

The following statement is made in the 
paper ‘‘For cases in which the system 
voltages are maintained constant, all shunt 
loads including synchronous condensers 
and induction motors may be accurately 
represented by simple shunt impedances. 
This treatment assumes that the induction 
portion of the system load remains stable. 
Since the maximum power transfer is 
ordinarily limited by the synchronous ma- 
chine on the system, this assumption should 
not introduce errors in the result (ref- 
erence 7).” That such a_ simplification 
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cannot be made in many practical studies 
is well known and reference 7 does not show 
that this is possible. Reference 7 does 
show that a composite load may be replaced 
with good approximation by an equivalent 
load having a given real and reactive power 
and a given rate of change of real power and 
reactive power with voltage. These four 
characteristics are sufficient in order to 
obtain the effect of a composite load on the 
system, However, only when the rate of 
change of real and reactive power with 
respect to voltage are related to the total 
amount of real and reactive power in a 
definite manner can the composite load be 
replaced by a simple shunt impedance. 
This unfortunately is the exception rather 
than the rule. The case of fixed impedance 
load rather than the actual characteristics 
of a composite load will in general lead to 
optimistic or too high steady-state stability 
limits as the real power component of a 
composite load does not fall off or decrease 
as rapidly as that of a constant shunt im- 
pedance with drop in voltage. 


A. J. Gilardi (Ohio Brass 
Barberton): I should like to supplement 
Professor Dalziel’s consideration of the 
Hetch Hetchy-Pacific Gas and Electric 
system by a concrete example which inci- 
dentally includes typical stability curves 
of the power system. 

For accurate analysis equations 11 and 
12 of the paper should be used to calculate 
the steady-state power limits. The steady- 
state power curve and margin of stability 
so determined accurately considers sa- 
liency and saturation. However, since the 
transmission line under consideration has 
considerable series impedance it will be 
sufficiently accurate to compute the steady- 
state power curve using Xq sat in equations 
13 and 14. In figures 3 and 4 of the paper 
it is shown that the error due to neglecting 
saliency decreases with increased system 
impedance. The simplification obtained 
by neglecting saliency greatly reduces the 
labor of computation and the resulting 
errors are small. The steady-state power 
limits and stability coefficients computed 
using 0.90 Xq unset in determining S; and S, 
from equations 13 and 14 gives results 
which are approximately correct where 
accuracy is not essential (i.e., at the large 
margins of stability) and accurate results 
at the power limit where good accuracy is 
desired. 

The accompanying figure 1 illustrates 
the power system under consideration, 
except that only one circuit of the trans- 
mission line was used in the computations. 
The receiving-end bus feeds a shunt load 


Company, 


\2 6666-KVA 
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HETCH HETCHY PACIFIC GAS AND 
SYSTEM ELECTRIC SYSTEM 
Figure 1. Hetch Hetchy-Pacific Gas and 


Electric interconnected system 
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limits of Hetch Hetchy system 


and the synchronous condenser serves to 
maintain constant voltages on the system. 
The following equations were used to 
determine the stability limits utilizing the 
simplifications of the preceding paragraph: 


en? Conlty . 
P; = ze sin ai + ae si (819 a a2) (1) 
S; = cos(d2 — az) (2) 
Ey? sin a2 en Ly ; 
fh cg alee ae ae 5 3 
2 Za oe $111 ( 2 + a2) ( ) 
S2 = cos (S12 + ai) (4) 


Since ay2 is positive the power limits are 
determined by P, and Sz. The results of 
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computations for various loads using the 
foregoing equations are shown in figure 2. 
These results were obtained using actual 
system constants with the exception of the 
generator reactances. The curve for Si 
is not shown since S, reaches zero first. 
The synchronous-condenser kilovolt-ampere 
curve indicates the amount of capacity 
required to maintain constant system 
voltage at any given load. It may be 
seen that the dynamic power limit is ap- 
proximately 92,500 kw with one line in 
service. As mentioned in the paper one 
line has delivered approximately 77,000 
kw during emergency switching and trip- 
outs. 

Figure 3 compares the margin of stability 
of figure 2 with that obtained for the same 
system using the unsaturated cylindrical- 
rotor theory. It is evident that the latter 
approach gives only an approximate solu- 
tion which is less accurate than by using 
the theory outlined in the paper. 


Charles F. Dalziel: The author wishes to 
thank S. B. Crary for the constructive 
comments drawn from his rich experience 
in this field. The final draft of the paper 
has been changed in an endeavor to meet 
his objections regarding the representation 
of loads. It was originally intended to 
check the method and the simplifying 
assumptions under question by comparing 
theoretical results with the operating 
records of several large power systems. 
The analyses of the practical problems 
presented in the paper are consistent and 
in good agreement with available operating 


Dalziel—Static Power Limits 


MARGIN OF STABILITY — KILOWATTS 


ro) 40,000 
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Figure 3. Comparison of results obtained by 
use of round-rotor or salient-pole theory 


records. However, due to limited data, 
the results fall somewhat short of the 
original objective. The writer would ap- 
preciate receiving system data for cases 
where the stability limits are fairly ac- 
curately known, and which could be re- 
duced to a two-generator system for 
analysis. 

Mr. Gilardi’s detailed analysis of the 
Hetch Hetchy system should be of interest 
to those applying the method to actual 
systems. It should be repeated that 
most of the generator impedances in the 
practical problems were unknown, and 
typical average values were used. These 
were multiplied by 0.90 to give an approxi- 
mate correction for saturation. This may 
explain the small effect of saliency and satu- 
ration on Mr. Gilardi’s power limits in 
contrast to the experimental differences 
of figure 8. 
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Applications of Copper-Oxide Rectifiers 


By E. W. MORRIS 


MEMBER AIEE 


Synopsis: Since the development of the 
copper-oxide rectifier in 1927, no paper 
has presented to the Institute a compre- 
hensive list of the many problems to which 
the device may be applied successfully. 
‘It is the purpose of this paper to describe 
a few of the representative installations 
made in the various industries. 


HEN the copper-oxide rectifier was 
announced,! limited information 
was available regarding such characteris- 
tics as aging, the effect of ambient tem- 
peratures, and the safe values of current 
and voltage per disk. Applications made 
since 1927 have removed many of these 
uncertainties. Continued research has 
produced valuable information about the 
characteristics of the device, and has im- 
proved the method of manufacture and 
application toindustry.** It has become 
indispensable in the design of control and 
electronic equipment,‘ and is well adapted 
to applications requiring high efficiency at 
low voltage and to those requiring high 
overload capacities for short periods of 
time. 

The copper-oxide rectifier consists 
essentially of a copper disk, one side of 
which is covered with cuprous oxide 
formed by heating to a high temperature. 
This rectifier disk then has the character- 
istics of asymmetric resistance, allowing 
electrons to pass more readily from copper 
to oxide than in the reverse direction, as 
indicated in figure 1. The rating of a disk 
is based upon ability to dissipate the 
losses, and rectifier disks usually are as- 
sembled into units with cooling fins and 
spacers to assist in heat dissipation. Soft 
metal washers insure intimate contact 
with the oxide. 

These assembled units may be con- 
nected into groups for half- and full-wave 
rectification, for any number of phases, 
and in parallel or series for increased cur- 
rent or voltage ratings. 

As valves in d-c control circuits they 
are convenient in isolation of circuits, pre- 


Paper number 38-105, recommended by the AIEE 
committee on general power applications, and pre- 
sented at the AIEE Pacific Coast convention, Port- 
land, Ore., August 9-12, 1938. Manuscript sub- 
mitted May 16, 1938; made available for preprint- 
ing July 12, 1938. 


E. W. Morris is engineer with the Westinghouse 
Electric and Manufacturing Company, Los Angeles, 
Calif. 
1. For all numbered references, see list at end of 
paper. 
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venting current flow in reverse directions 
to a common bus. 

Applications of copper-oxide disks 
made during the past ten years can be 
classified as rectifiers for battery loads, 
rectifiers for resistance loads, and valves 
in control circuits. 


I. Rectifiers for Battery Loads 


After the development of the copper- 
oxide rectifier, one of the most immediate 
applications was that of small battery 
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chargers. Sizes of chargers have gradu- 
ally increased until now they are available 
in ratings up to 6 amperes at 130 volts. 
A duplex charger having a rating of 15 
amperes at 30 volts and 0.5 ampere at 
24 volts is shown in figure 2. Simplicity 
results in an assembly consisting of an 
insulating transformer, the copper-oxide 
rectifying units, some type of overload 
protection, and a dial switch to care for 
current adjustment and aging. 

The nearest approach to an ideal bat- 
tery charger has been obtained in the re- 
cent development of a self-regulating 
charger, the diagram of which is shown in 
figure 3. It is particularly adaptable for 
floating battery service, and automati- 
cally variest the charging rate proportion- 
ate with the demands of the battery by 
means of saturable reactors. The main 
rectifier, I, furnishes charging current to 
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the battery. Between the transformer 
secondary and the main rectifier is located 
a saturable reactor, A. The saturation 
of reactor A is controlled partly by a 
series coil which is energized by the 


Figure 2. Station-type rectifier for charging 
telephone batteries 


charging current, partly by a shunt coil, 
but mainly by rectifier II. This rectifier 
is supplied from the primary side of the 
transformer through a second saturable 
reactor, B. Rectifier III is furnished with 
a constant a-c voltage by means of a 
small regulator connected across the pri- 
mary of the power transformer. The 
constant d-c output voltage of rectifier 
III is opposed by the battery voltage so 
that any difference between the two will 
result in a flow of current through the d-c 
winding of reactor B; hence the saturation 
of reactor B will vary according to the 
battery voltage. Reduction in the cell 


RECTIFIER IL REACTOR “B” 


THREE-CORE 
¥ REACTOR"“A’ 


RECTIFIER I 


seni 


Figure 3. Automatic self-regulating battery 
charger 
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voltage below the average for which the 


charger is set to regulate will cause the 


charger to turn on and deliver full charg- 


A-C SUPPLY 
2 D 


CLOSING 


&SWITCH é 
NEON 9 
LAMP O% 
x 
ww 
S a 
(2) 
TRIP 
COIL 
4 SOLENOID BREAKER 
U B2AUXLIARY 
> SWITCHES 


Figure 4. Circuit breaker closing and tripping 
from an a-c supply 


ing current to the battery. As the cell 
voltage increases to a point above the 
average voltage, the charging current will 
be reduced to its minimum value. Such 
a charger is capable of maintaining the 
cell voltage within limits of plus or minus 
one per cent for all load conditions and 
for variations in the a-c line voltage of 
not more than plus or minus five per cent. 


II. Rectifiers for Resistance Loads 


In the field of industrial control, versa- 
tility has been added by the use of the 
copper-oxide rectifier. The advantages 
of d-c operation of contactors and relays 
can be obtained from an a-c source and 
the rectifying units. D-c fields can be 
excited from an a-c supply and regulated 
by means of the proper arrangement of 
rectifiers and reactors. 


RECTIFIERS FOR 
CrrcuITt-BREAKER OPERATION 


Solenoid type of circuit-breaker mecha- 
nisms may be operated from an a-c 
source by means of rectifiers connected as 
in figure 4. Operation of the closing 
switch energizes relay X, which in turn 
energizes the rectifier and the closing 
solenoid. The circuit breaker, in closing, 
closes pallet switch B1, thus energizing 
relay Y, which seals in as long as the con- 
tacts of the closing switch are held in the 
closed position. The operation of relay 
Y de-energizes relay X and the rectifier, 
providing an automatic cutoff. Since 
the rating of the rectifier is limited by its 
thermal capacity and ability to dissipate 
internal heat, it has a high short-time 
overload capacity, and is ideal for this 
type of application. Circuit breakers 
may be tripped from an a-c source by the 
use of rectifiers and capacitors, a distinct 
advantage in the elimination of battery 
maintenance at isolated or unattended 
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substations. Capacitor tripping has the 
advantage of requiring current trans- 
formers only of sufficient size to energize 
the fault-detector relays. The tripping 
energy is stored in capacitors from the a-c 
supply voltage during normal conditions, 
and is available to trip the breaker for at 
least six seconds after charging potential 
is entirely removed. In figure 4, when 
the overload relay or manual tripping 
contacts close, the capacitor discharges 
through the trip coil. The device is so 


meee 


Figure 5. A 5,000-ampere circuit breaker 
with solenoid closing mechanism 


designed that sufficient charge is available 
to trip the breaker at any time with not 
less than 65 per cent of normal potential. 
The tripping capacitor will recharge in 0.2 


Figure 6, Voltage regulator for a-c generator 
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second. Figure 5 shows, in the lower left- 
hand corner, the small size of rectifier 
required to close a 5,000-ampere three- 
pole air circuit breaker. 


VOLTAGE REGULATORS 
FOR A-C GENERATORS 


It has long been recognized that a-c 
generators inherently have a poor regula- 
tion, lacking the advantage of a series 
field for maintaining a nearly constant 
voltage under varying loads. The device 
shown in figure 6 was developed to meet 
the demand for a simple voltage regulator, 
with no moving parts, for small-size a-c 
generators. It consists of copper-oxide 
rectifier units assembled with the proper 
transformers, reactors, and resistors to 
provide an increase in the exciter shunt- 
field current proportional to the increase 
in voltage required under varying loads on 
the generator. As indicated in figure 7, 
changes in generator load are reflected in 
two full-wave rectifier units. Rectifier I 
is energized by a current transformer, and 
is adjusted to produce a compounding 
effect to some voltage less than normal at 
full load. Rectifier II, energized from 


EXCITER A-C GENERATOR 


OVERVOLTAGE 
PROTECTIVE 
DEVICE 


Figure 7. Voltageregulator 


the generator potential, supplies the addi- 
tional rectified field current necessary for 
maintaining normal generated voltage. 
A small change from normal potential on 
the circuits of rectifiers III and IV causes 
a relatively large change in the output of 
tLe three-core reactor in with 
rectifier IT, 

Under ncrmal conditions of operation, 
this type cf regulator will maintain the 
voltage within plus or minus three per 
cent from no load to full load. 

Another simple form of a-c regulator is 
shown in figure 8, this requiring special 
design of the generator and exciter fields 


series 
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_ RECTIFIERS FOR THE 
PREVENTION OF ELECTROLYSIS 


Corrosion of underground structures 
can be mitigated by the use of cathodic 
protection, and is conveniently accom- 
plished by connecting the underground 
structure to the negative terminal of a d-c 
source and by maintaining it negative to 
the earth by 0.3 volt or greater. Cor- 
rosion occurs in underground structures 
due to stray currents from d-c systems, 
and from electrochemical reactions be- 
tween the structure and the surrounding 
soil. Small currents flow from the under- 
_ ground structure through the soil to other 
_ parts of the structure, corrosion occurring 
where the currents leave the structure. 
Figure 9 shows an outdoor installation of 
a rectifier unit rated 30 amperes at ten 
volts, used to protect a section of a pipe 
line from corrosion. The use of the cop- 
per-oxide rectifier for this d-c supply is 
preferred to other d-c sources, because of 
its efficiency at low voltage and the fact 
that a minimum of maintenance is re- 
quired, such as an occasional check of the 
output to adjust for seasonal variations 


The device is noiseless and 
free from radio interference, factors which 
are important when the device must be 


in the soil. 


located in residential districts. The 
schematic diagram in figure 10 indicates 
how this type of device is connected to 
protect a section of pipe against corrosion. 


III. Valves in Control Circuits 


The asymmetric resistance characteris- 
tics of this rectifier makes it particularly 
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Figure 9.  Installa- 
tion of rectifier for 
protection —_ against 
electrolysis on pipe 
line 


suitable as a valve to control the path of 
flow of direct current. This type of 
application has increased the versatility 
of control circuits and has reduced the 
number of mechanical relays necessary to 
complete many controlfunctions. This is 
best illustrated by a few of the examples 
given in figure 11. 

Remote control of many devices may 
be accomplished in a minimum time by 


Figure 8. The recti- 
fiers on this switch- 
board provide volt- 
age regulation for 
the large engine- 
driven a-c generator 


the system of polarized lines, shown for 
two wires in figure 114. Relay A or B 
will operate depending on the relative 
polarities of the bus to which they are 
connected. This simple two-conductor 
system may be arranged to operate over 
one conductor and a good ground return 
such as a water pipe, which is sometimes 
convenient in the remote control of pump- 
ing plants. By the use of three or more 
wires the number of relays that can be 
operated increases’ because of the many 
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possible combinations of polarized lines. 

The rectifier valve has become quite 
useful in isolating the flow of direct cur- 
rent within parts of a circuit, as shown in 
figure 11B. This shows a system of re- 
lays and rectifier valves, each of which 
may be energized either from a common 
test bus or through contacts on alarm de- 
vices. Each alarm contact allows but 
one relay to operate, the valve in that 
circuit preventing current flow to the 
test bus and to other relays. The circuit, 
and all signal lamps, may be checked con- 
veniently by depressing the test button, 
wherein all of the relays are energized 
simultaneously. Figure 12 illustrates a 
group of rectifier valves and relays used 
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Figure 10. Cathodic protection against elec- 
trolysis 
REVERSING 
SWITCH 


Sao eee 
es 
(a) — SELECTIVE OPERATION OF RELAYS 
OVER POLARIZED LINES 


] ALARM 
9gICONTACTS 


(b)— VALVES FOR ISOLATION OF 
ALARM CIRCUITS 


Figure 11 
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Figure 12. Valve-type rectifiers installed in 
annunciator circuits (cover removed from one 


group only) 


in the alarm signaling circuits of a large 


hydroelectric generating plant. This 
group of 16 rectifiers is sufficient to in- 
clude all alarm devices, such as may be 
actuated by bearing, coil, and core tem- 
peratures, for one generator. 


IV. Plate-Type Rectifiers 


During the first ten years of copper- 
oxide-rectifier manufacture, contact with 
the oxide surface was obtained by means 
of soft metal washers. The rectifier disks 
were assembled in the proper direction 
on bolts with the necessary cooling fins 
and spacers. A special cupped spring 
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washer on each bolt was tightened to ob- 
tain high contact pressure between the 
soft metal washers and the oxide surfaces. 
The size of disks was limited to a diameter 
of 11/, inches by the ability to maintain 
uniform pressure over the entire surface. 

Continued research during that time 
developed a satisfactory method of spray- 
ing a conducting coating on large copper- 
oxide plates.6 The necessity for high 
contact pressure having been removed, 
the new rectifier plates with sprayed coat- 
ing are assembled a fraction of an inch 
apart and the losses are dissipated by 
means of forced air. Electrical connec- 
tions between plates are made with clips. 
Four sizes of plates, 10 inches and 12 
inches in length, and 3 inches and 43/s 
inches in width, have been used in group 
assemblies. The rating in output of a 
three- by ten-inch plate assembled in a 
properly ventilated, three-phase rectifier, 
is 20 watts at six volts d-c maximum. A 
complete three-phase full-wave rectifier 
which would require six plates, would then 
have an output rating of 120 watts at six 
volts, or 20 amperes, six volts d-c maxi- 
mum. In the larger plates current capa- 
city increases in proportion to the area, 


Figure 13.  Plate- 
type rectifiers in- 
stalled in film labora- 
tory for stripping sil- 

ver from film 


but the voltage rating remains the same. 
The plates can of course be connected in 
series or parallel, to any desired capacity. 
The development of the plate-type copper- 
oxide rectifier will not supplant, but will 
supplement, the standard design disk 
assemblies, and will increase the number 
of applications in the high-current low- 
voltage field. 

The major field for such units, is in the 
electrochemical industry, including, for 
example, chemical processing, electrolytic 
cleaning, and electroplating. Figure 13 
shows an installation of two plate-type 
rectifiers each rated four volts, 200 am- 
peres d-c output at 220 volts, three-phase, 
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60 cycles, a-c input. These are installed 
in a laboratory for use in stripping silver 
from salvaged film. Figure 14 shows a 
large-capacity plate-type rectifier. This 
rectifier has an output rating of 1,500 
amperes, six volts maximum for 220 volts, 
three-phase, 60 cycles, a-c input. 


Conclusions 


No attempt has been made herein to 
list all possible applications, but to de- 
scribe a few representative types and to 
show installation photographs of rectifiers 
in new kinds of services. Units have been 
assembled with ratings which vary from 


Figure 14. Plate-type rectifier, 1,500 am- 
peres, 6 volts d-c output, built for electroplat- 
ing service 


0.001 watt to several kilowatts in ca- 
pacity. This is a device which finds appli- 
cations in any field, whether it be trans- 
portation, power, orindustry. The future 
should see increased application for sim- 
plifying control and metering problems. 
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~The Electrostatic Unbalance of 


Transmission Lines and Its Effect on 


the Application of Petersen Coils 


By JOHN ALEXANDER MELVIN LYON 


ASSOCIATE AIEE 


ECENTLY three Petersen coils 

were installed on the 66-kv trans- 
mission system of the Metropolitan 
Edison Company of Pennsylvania. These 
Petersen coils provide service protection 
to approximately 320 miles of overhead 
transmission lines against outages and 
voltage dips which would otherwise re- 
sult when single phase-to-ground flash- 
overs occur on the system. Much of the 
66-kv transmission system consists of 
two-circuit lines with vertical configura- 
tions of the line conductors with no trans- 
positions prior to the Petersen-coil instal- 
lation. 

During the tuning tests on these 
Petersen coils which were made before 
putting them in service, it was found 
that excessive currents were flowing 
through the coils when tuned with the 
system, even though there was no ground 
fault on the system. These currents far 
exceeded the continuous current ratings 
of the coils, and they were of such magni- 
tude that the system neutral in some cases 
shifted as much as 70 per cent above 
ground. The shift in the neutral above 
ground, if allowed to remain on the sys- 
tem, would have needlessly subjected the 
line insulation and connected apparatus 
to dynamic overvoltages. Accordingly, 
an investigation was made to determine 
the cause of this excessive current. 

Measurements obtained of the line-to- 
ground voltages with the system neutral 
isolated revealed an abnormally un- 
balanced capacity to ground. That is, the 
capacities to ground of the three phases 
were unequal, causing unequal voltages 
and, therefore, with the Petersen coils in 
the neutral, excessive current flowed. 
The unbalanced capacity was accounted 
for by the lack of transpositions in the 
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transmission lines. It became apparent 
that by rearranging some of the circuits, 
the direct capacities of the three phases 
to ground could be balanced and the cir- 
culating current passing through the 
Petersen coils would be reduced to a 
small fraction of its original value. 

This paper deals with the analysis of 
zero-sequence electrostatic unbalance of 
transmission lines to neutral, illustrates 
the methods of calculation, applies these 
calculations to obtain a proper balance in 
the most economical manner, and pre- 
sents experimental data which verify 
the methods and procedure used for the 
solution of the problem. The subject of 
electrostatics is considered not in its 
entirety, but only to the extent necessary 
for the application of impedors (also 
grounding transformers and neutral re- 
actors). It is hoped that the information 
embodied in this paper may be of use to 
others contemplating the use of Petersen 
coils, neutral reactors, or grounding trans- 
formers. The material which follows 
should not be construed as an attempt to 
add to the subject of electrostatics; it is 
instead the application of well-known 
fundamentals to a very practical situa- 
tion. For this reason there is at the 
conclusion of the text a list of general 
references which contain all of the neces- 
sary theory and methods which are used 
herein. 

Briefly, a Petersen coil is an iron-core 
variable inductance which, when system 
leg voltage is applied across it, passes a 
current the magnitude of which is equal 
to the charging current in a line-to- 
ground fault on the system when the 
system neutral is isolated. During 
the occurrence of a single line-to-ground 
fault, the Petersen coil causes the flow 
of a reactive current which is equal to and 
180 degrees out of phase with the capaci- 
tive current which flows in the ground 
fault. The result is that the current in 
the arc is reduced to very nearly zero, 
the arc is extinguished, and the temporary 
ground fault disappears without having 
become a permanent ground fault or 
having developed into a line-to-line fault 
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as is so often the case. The coil operation 
does not compensate for the small 
amount of in-phase or loss current which 
is usually present in the arc. In practice 
the current from these two sources is 
small and not sufficient to maintain the 
arc. Owing to the fact that a perfect 
electrostatic balance cannot be obtained 
practically, it is to be expected that some 
current will flow through the coil with 
system normal. This has been the case in 
previous installations. This flow of 
current does not interfere with the func- 
tioning of the coil in are extinction in any 
practical case; the main objection to it, 
if it exists to an abnormal degree, is that 
of neutral displacement. 

Figure 1 shows the schematic diagram 
of an impedor applied to a transmission 
line. The capacitance values of the line 
are shown as lumped constants in this 
diagram, and zero-sequence capacitance 
will be considered in this manner through- 
out the discussion. This can be done with 
impunity because in the application of 
impedors one is concerned primarily with 
the parallel circuit constants of the lines; 
the series reactance and resistance of the 
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Figure 1. A Petersen coil applied to 4 
transmission line 


transmission lines are neglected in the 
analysis which follows. In the case of an 
actual transmission system, there will be 
a coil placed in the neutral of every ground 
bank, or a coil may serve a group of two 
or more ground banks. In some in- 
stances it may be desirable to separate a 
ground bank from ground completely 
and thereby save the cost of an additional 
coil. Of course, a Petersen-coil-protected 
system must be electrically insulated by 
transformers from every other system 
which is either grounded or ungrounded. 

On the Metropolitan Edison Company 
system a coil was used at each of the 
three grounding banks which were origi- 
nally chosen for number and positions 
according to relaying and switching re- 
quirements. It is desirable, when a sys- 
tem is operating in sections, that each 
section should be able to operate alone 
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with Petersen-coil protection. The analy- 
sis loses none of its generality through the 
consideration of only one coil, and the 
reader is referred to the general theory on 
coil operation found in the list of refer- 
ences on that subject. 

Now the installation of a coil upon a 
transmission system requires that the 
coil be tuned for the transmission lines 
which it is to protect; the coil must be 
tuned and set at a different tap when ad- 
ditional miles of line are added to the 
number which it must protect, or when 
the number of miles which it protects is 
reduced, such as in switching operations. 
This tuning process, varying the induct- 
ance by means of taps, corresponds to 
obtaining the resonance point for a simple 
series circuit. The tuning is accomplished 
while the transmission lines are operating 
under normal conditions without the 
presence of a ground fault. This is one 
of the several possible methods of tuning. 
For a given length of line, the tuned 
point is found when the tap setting, which 
corresponds to the maximum residual 
ground current, is obtained. 

Figure 2 illustrates the electrical cir- 
cuit. One tunes, of course, the zero- 
sequence circuit of figure 2. Figure 3 
shows the comparable simple series cir- 
cuit. It is such a circuit as this that is 
tuned to resonance. 

It can be seen that even with a solidly 
grounded system the grounding bank 
helps to tune this zero-sequence circuit 
and if Ey, the zero-sequence voltage, is 
large, it appears that a large ground cur- 
rent would result. i, 

Referring to figure 3, consider the coil 
short circuited, or in other words, the 
system is to be)solidly grounded 
Wet r 


Ig = zero-sequence component of phase 
current il 
I, = current through neutral of ground 
bank 
X;, = zero-sequence reactance of trans- 
former 
Xcap. = average line-to-neutral zero-se- 


quence capacitive reactance 

R, = equivalent ground resistance for 
entire circuit 

X = zero-sequence reactance of coil 


Then: 


3 zs 
3R, oe jX1 5. jXcap- 


In = 31) = 


Even when solidly grounded, the 
ground banks of the Metropolitan Edison 
Company had heavy ground currents. 
The reason for this was a large Ey which 
was caused by the electrostatic or capaci- 
tive unbalance of the three lines to 
ground. 
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Figure 2. The three-phase circuit of a 
Petersen-coil installation 


Now when the impedor is in the neutral 
of the ground bank, the current becomes: 


Eo 
B8Ry + 9X1 + 5X — jXcap. 


In = 81p = 


The coil is in tune for the transmission 
system when Xj, is of such value that 


Xi + Xq = Xcap. 


and this leaves the resistance R, as the 
only factor limiting the current for a 
given voltage. 

In tuning on the Metropolitan Edison 
system, the residual ground current in- 
creased on the resonance peak to as much 
as five times the continuous current 
rating of the Petersen coil. Obviously, 
the coils could not be put in service under 
such conditions. 

In the haste to place the coils into 
operation during the lightning season, a 
futile attempt was made to achieve elec- 
trostatic balance by interchanging the 
top and bottom phases of a section of 
vertically spaced line. It is shown in the 
analysis to follow that for vertical con- 
struction, the top and bottom wires have 
higher capacitances than the middle wire 
which was left unchanged. In all of the 
work the effect of grounded crossarms 
and poles was neglected. 

Vertical construction is used predomi- 
nately on the lines of the Metropolitan 
Edison Company, although it has been 
found that all of the other types of con- 
struction, double and single lines, resulted 
in capacitive unbalance which was ap- 
preciable. The system under considera- 
tion was almost completely untransposed 
and this led, of course, to the resultant 
state of unbalance. 

There follows the analysis applied to a 
typical transmission line as shown in 


figure 4, 
Let 
r = radius of conductors in inches 
Qa, Qs, etc. = charge on conductors Mal, eh, 
ete., in statcoulombs per 
centimeter 
Eig, Ey, etc. = voltage above ground of con- 


ductors A, B, etc. 
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Cy, Cp, etc. = capacity of respective con- 
ductors to ground 


Then using the method of images (Att- 
wood, ‘‘Electric and Magnetic Fields,” 
page 113) one obtains the following: 


2ag ab’ 
Eq = af Qq loge Fs + Qp loge ae ats 
ca’ 
iheyee-, —= 1 
Qe log = (1) 
ab’ 2bg 
Ey = C2 logo OC, log iia 
ab r 


Q, loge =) (2) 


bc’ 


or 


ca’ 
Ee aa a( a loge oA ap Qn loge 


ion “2 (3) 


Similar equations may be written for any 
number of conductors. Now in general: 


Q (Charge) 


E (Voltage) (4) 


C (Capacity) = 


The direct or zero-sequence capaci- 
tance of a conductor A to ground is the 
ratio of the charge on conductor A to 
its potential (the zero-sequence poten- 
tial) when all other conductors except 
the reference conductor, in this case the 
ground, are at the potential (zero-se- 
quence potential) of A. Solving equa- 
tions 1 to 3 would give equations for 
Qa, Q>, and Q, in terms of V,, Vy, and V,. 
The three wires are allowed to assume the 
same potential with respect to ground; 
thatis, V, = V;= V, — It isithus possi- 
ble to solve by the method of determi- 
nants equations 1, 2, and 3 for Q,, and by 
dividing through by V,, according to 
equation 4, the coefficients V,, V;, and 
V, are removed from the expression which 
now represents the capacitance, C,. 


ab’ f 
1 26rd s doen 
b ca 

2b bc’ 
1 2 log. aes 2 log. yes 
r be 
bc’ 2cg 
1 PC PA oy == 
be r 

CC, = 
2ag ab’ Y 
2log.—= Digg, — eine 
ab ca 
ab’ 2bg bc’ 
2 log. — 2log. —= 21 — 
e ab ae if a bc 
ca’ be’ 

75 of, =) They zs 2 log, ae 
be r 


statfarads per centimeter (5) 
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— hae 


_ Expressions can likewise be found for 


(Gr and Cx 
It is more convenient for computation 


to use logarithms to the base 10, and to 


obtain capacitance in microfarads per 
mile; thus equations 6, 7, and 8 arise. 


b’ 

1 log a log = 
ab C 
2b be’ 

il log — log a 

r be 
bc’ 2 

1 log —— log = 

be r 
Gz = 0.0389 < 
2 b’ 

log Fae log = log se 
ab ca 

1 ab’ , 2bg , be’ 

og — log — — 

Ie ae 
ca’ bc’ 2cg 
log — loe— log — 
ca be r 


microfarads per mile (6) 

The denominators of 6, 7, and 8 are 
the same and can be denoted in each case 
by the symbol D. 
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Figure 3. 
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Figure 4. The transmission line spacings used 
in the calculations 


Marcu 1939, Vov. 58 


2a ca! 
log iat 1 log ad 
ca 
ab’ be 
log —— il re 
: ab 28 be 
ca’ 2 
log — 1 log =i 
ca r 
CG = 0/0889 «x — 
: D 
microfarads per mile (7) 
2ag ab! 1 
log — log — 
r ab 
ub! 2b 
log ms log oe 1 
ab i 
ca be! 
log — log — 1 
be 
C. = 0.0389 x: a 
microfarad; per mile (8) 


Solving for the capacitances of the 


line of figure 4: 


2a 12 X 2 X 40 
log a 02g ——— = 3,666 
r 0.207 
2b¢g ISX 26.35 
ee pee ew ee 
r 0.207 
2 12) >< 2EX 730 
ae cy ae eee 
r 0.207 
/ 75 
log — = log = = 1.176 
5 
1 1 ze 0.846 
— = lose = 0. 
og s 10 
J 65 
log =— "= log —= = 1.114 
5 
3.666 1.176 0.846 
D =A i76* 3.609, 1114 = 37.08 
0.846 1.114 3.541 
1 1.176 0.846 
(Cz X D) = 0.0389 X}| 1 3.609 1.114 
1 1.114 3.541 
= 0.0389 & 6.523 
(Ca X D) 6.523 
= =O ee 
Ca D * 37.08 
= ().00685 microfarad per mile 
3.666 1 0.846 
(C, X D) = 0.0389 1.176 1 1.114 
0.846 1 3.541 
= 0.0389 * 5.962 
C (Ge~ PD) 0.0389 X 5.962 
alert 37.08 
= 0.00625 microfarad per mile 
3.666 1.176 1 
(Ce <p yi= 010389" % | 1.176°°3.609 1 
0.846 1.114 1 


= 0.0389 X 7.028 


(Cox D) _ 0.0389 X 7.028 
D _ 37.08 
0.00737 microfarad per mile 


C, = 
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It is the problem now to show that such 
an electrostatic unbalance to neutral as 
indicated by the zero-sequence capaci- 
tance values above can produce a large 
Eo, or zero-sequence voltage, which is 
responsible for the large residual currents. 
In this computation, it makes no differ- 
ence whether one considers one mile or 
100 miles of line having the per mile ca- 
pacitance values which have just been 
found. 

Therefore: 


ns agp at) 
QnfCy 377 X 0.00685 X 10-8 
—J887,000 ohms 

Nore: The letter f designates fre- 
quency in the above expression 


Xq = 


a pee =i 
QnfC, 377 XK 0.00625 x 10-8 
= —7424,000 ohms 


Xy 


21 de) 5 i a eee 
2 OafCn * STIX 0.00737 10+ 
= —j360,000 ohms 


Now these zero-sequence capacitive 
reactances are considered as forming an 
unsymmetrical wye load with balanced 
line-to-line voltages of 66,000 volts. 
The method of symmetrical components 
with the usual notation is used. 


Xo = 1/38 (Xq + Xp + Xo) 
= a (387,000 + 424,000 + 360,000) 
ohms 
= —j390,000 ohms = —j390 X 1,000 
ohms 
X, = 1/3 (Xq + aXy + a?X ¢) 
= 1/3{ —j387,000 — j424,000 (—0.5 + 
j0.866) — j360,000 (—0.5 — 70.866) } 
ohms 
= (18.3 + 72) X 1,000 ohms 
Xo = 1/3 (Xq + aX + aX,) 
= 1/3{(—j387,000 — j424,000 (—0.5 + 
j0.866) — j360,000 (—0.5 — 70.866) } 
ohms 
= (—18.3 + j2) X 1,000 ohms 
Now 
Eo = LX, =r InX, (9) 
Fy = T,Xo + InX¢ (10) 
E, = IXo + hx, (11) 
66,000 
A, = ’_ = 38,100 volts (phase voltage 
1 AY; ( 
effective value) 
E, = O (not generated) 


Using equation 10 there results: 


38,100 = I, (—j390,000) + Iz (—18.3 + 72) 
x 1000 
or 


38.1 = I,(—7390) + i, (—18.3-+72) (12) 
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Using equation 11 


0 = I2(—7390,000) + (18.3 +72) X 1,000 
0 = I, (—j390) + hh (18.3 + 72) (13) 


Remembering that J, and J, are vectors, 
one can obtain four linear simultaneous 
algebraic equations from (12) and (13), 
and these can be solved for 4 and [2 
which are found to be: 


q, 
I; 


Substituting these values in (9), it 
follows: 


0.000735 + 70.0979 
0.00459 — 70.000735 


ll 


Vo = (0.000735 + j0.0979)(—18.3 + j2) X 
1000 + (0.00459 — j0.000502) x 
(18.3 + 72) X 1000 

Vo = —125.25 — j1799.1 


Absolute value of Vo = 1,800 volts (effective 
value) (14) 


In an actual test at the West Reading 
plant of the Metropolitan Edison Com- 
pany it was found that 57 miles of line 
having the dimensions and construction 
which have just been considered operated 
with a zero-sequence voltage or neutral 
displacement voltage of 1,920 volts. 
This checks very closely with the value of 
1,800 volts from the computations; it 
should be obvious that any discrepancy 
which is present can be attributed to the 
sag in the lines and other immeasurable 
irregularities in the lines. Furthermore, 
the computations have involved the 
assumption of the plane of zero potential 
or ground plane. 

Transpositions were made at the regular 
switching stations or accessible H-frame 
structures of the above system for the 57 
miles considered and as a result the dis- 
placement voltage was reduced to 144 
volts. With this voltage even under 
conditions of resonance the Petersen 
coils could operate safely within their 
continuous ratings. 

It should be pointed out that zero- 
sequence electrostatic balance to neutral 
can be and was obtained in actual prac- 
tice, both by completely transposing as 
well as by interchanging two of the three 
line wires. 

Refer to figure 4. 


Cz = 0.00685 microfarad per mile 
0.00625 microfarad per mile 
0.00737 microfarad per mile 


‘SES! 
Il 


The arithmetical mean of C, and C, is 
0.00681 microfarad per mile. Thus it 
can be seen that if A phase is always on 
top, B phase is half of the distance in the 
middle and the other half of this distance 
on the bottom, and C phase is half of the 
distance on the bottom and the other half 
of the distance in the middle position, an 
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almost perfect balance of capacities to 
neutral is obtained. 

Economic considerations were impor- 
tant in the revision of the existing trans- 
mission lines of the Metropolitan Edison 
Company. Transpositions were confined 
to switching stations or other accessible 
points such as H-frame locations; no new 
structures were erected. In some in- 
stances one line was arranged so as to 
electrostatically balance a second line, 
although an outage of either line would 
cause the line remaining in service to 
throw some unbalance on the system. 
There are several instances on the system 
of balancing one line against one or more 
lines. However, the system is large 
enough so that two or three line outages 
may occur without causing a prohibitive 
residual current, assuming, of course, 
that the coils have been retuned for the 
new system setup. In some very remote 
conditions of operation, the coils will have 
to be detuned or else taken out of service 
completely by short-circuiting them, 
which is equivalent to solidly grounding 
the transformer banks. 

It seems necessary to add that in some 
instances the capacitances of the line 
insulators will be an important factor in 
the electrostatic unbalance to neutral. 
The capacitance of an individual pin- 
type insulator may be as high as 60 micro- 
microfarads. With bonded and grounded 
hardware the added balanced capacitance 
of the insulators could conceivably reduce 
the displacement voltage by ten per cent. 

Obviously, the method of obtaining the 
direct capacitances to neutral of the line 
conductors can be extended to apply for 
transmission lines having one or more 
ground wires; double lines with or with- 
out ground wires yield also to this method. 
The equations for capacitances of double 
transmission lines with two ground wires 
are given in the appendix. Calculations 
involving all of these possibilities were 
made for the Metropolitan Edison Com- 
pany system and the results were checked 
in the field; an accuracy was obtained in 


A(33,j57.2) 


Eo, DISPLACEMENT 
VOLTAGE 


TRUE NEUTRAL 
POINT O POINT 


(P, jQ) (33, j 19.1) 


Cc 
(0,j0) (ee, jo) 


Figure 5. Potential diagram which applies 
to the method of the appendix 
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all cases comparable to the case which has 
just been considered in detail. 


Appendix 


The following alternative method is given 
for obtaining the displacement voltage Eo. 
It is especially useful for those who are un- 
familiar with the symmetrical-component 
notation. 

Figure 5 shows the potential diagram for 
three equal line voltages drawn in the com- 
plex domain. The line-to-line voltage is 
66,000 volts. The co-ordinates in figure 5 
are given in thousands of volts. 


Let 


Ego, Evo, and E,o = the voltages from O to 
A, B, and C, respec- 


tively, expressed in 
thousands of volts 

As before 

Xq = —J3887,000 ohms 

Xy = —j424,000 ohms 

X,~ = —j360,000 ohms 

Now 


Eng = 88 — P42957.2 40 
Fig 2-06 — PO 70 
OH Be) 


The above equations express the line-to- 
neutral voltages in terms of the co-ordinates 
of the complex number system. 

If it is assumed that the direction of the 
line currents Jy, Jy, and I, is such that they 
all flow toward the neutral point O, then: 


o 
T 


R+t+h+l, =0 (15) 
Now 
Eqo 
i, == 
a wa 
Exo 
Lh=— 
b X; 
1, = Es 
X¢ 


These three currents will be in amperes if 
Xq, Xp, and X, are in thousands of ohms, 
for the voltages are expressed in thousands 
of volts. 


_ 33 — P + 757.2 — jo 


ne 
—j387 
= j0.0852 — j0.00258P — 0.1475 + 
0.002580 (16) 
Pe 66 — P —j0Q 
—j424 
= j0.1557 — j0.00236P + 0.00236Q (17) 
Tie arse 
e —j360 


= —j0.00278P + 0.002780 (18) 


Then substituting the values of the cur- 
rents from equations 16, 17, and 18 in equa- 
tion 15 there is produced (19). 


j0.0852 — j0.00258P — 0.1475 + 
0.002580 + 70.1557 — j0.00236P + 
0.00236Q — j0.00278P + 0.002789 = 0 (19) 
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sare: 


. 


_Now the algebraic sum of ‘the terms 


irected along the axis of reals may be 
equated to zero. 


~—0.1475 + 0.002580 + 0.002360 + 


0.002780 = 0 (20) 
0.007720 = 0.1475 
Q = 19.1 


_Similarly the algebraic sum of the terms 
directed along the axis of imaginaries may 
be equated to zero. 


70.0852 — j0.00258P + 70.1557 — 
| j0.00286P — j0.00278P = 0 (21) 
0.00772P = 0.2409 

ID yatley: 


From figure 5 the co-ordinates of the true 
neutral are 33, 719.1. Now £o is the zero- 
sequence voltage or the displacement volt- 

_age from true neutral. 


By = V (19.1 — Q)? + (83 — P)? 
= V (19.1 — 19.1)? + (83 — 31.2)? 
= 1.8 thousands of volts 

Ey = 1,800 volts (22) 


This value of the residual voltage agrees 
with the value obtained by the first method. 

The direct capacitances for a double- 
circuit transmission line with two ground 
wires can be found by writing equations 
similar to (1), (2), and (8) and proceeding 
as for the single-circuit three-wire line. 
Let A, B, and C represent the conductors 
for one circuit; D, E, and F will represent 
the conductors for a second circuit; M and 
N will represent two ground wires; and 7g, 
To, Te Td Tor Th Tm, Tn Will represent radii 
of the respective conductors. Then ag will 
be the distance of conductor A to ground. 
The expression ab’ will represent the dis- 
tance from A to the image B’ of B, and ab 
will represent the distance from A to B. 
The same system will apply to all conductor 
distances. 

There follows a list of terms which must 
be computed. The logarithms are to be 
taken using the base 10. 


2ag bd’ 
eae log bd 0g bd 
ab’ be’ 
Pq = log o% Pye = log Be 
ac’ bf’ 
= — Pre = th ao 
ae log 7 of og bf 
ad’ bm’ 

Poa log ia bm og a 
ae’ bn’ 
Pee = 10E ay Py = log bn. 
af’ 2cg 
P = 1 —- ve — lo a 
af og af ce g re 
am’ cd’ 
IP on CC Bem Oe as 
am cd 
an’ ce’ 
Po log —— Pe = log — 
n ce 
2bg of’ 

P», = log — Py = log 

bb Og 7 of cf 
be! cm’ 
eRe OS ae Poem = log —— 

be ¢ 
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1 Pa» Pac Paa Pre Poy Pam Pan 
1 Pyy Pre Poa Poe Poe Pom Pon 
u Pr. Pree Pea Price Poy Pom Pon 
1 Pya Poa Paa Pas Pap Pam Pan 
1 Pre P oe Pae Pree Pes Pem Pen 
Lo Poy Pop Pay Per Prep Pym Pra 
0 Pom Pom Pam Pem Pym Pinm Pinn 
0 Pyn Pon Pan Pen Pm Pinn Prn 
Cz = 0.0389 X — microfarads per mile (23) 
Pag Pap Pac Poa Pa Poy Pam Pan 
Pao Pov Poe Poa Poe Poe Pom Pon 
Poe Pye Poo Poa Pee Poy Pom P on 
Pot Poa Poa Pad Pas Par Pam Pan 
Prue Pre ies Pa Pre Poy Pom Pon 
Pop Prop Pop Pag Pep Pr Pym Pin 
15 am e om We om P, dm tg em 1e tm We mm iB mn 
Pan Pon Pon Pan Pen Pin Pinn Pun 
Paa 1 Prae Pua Poe Pay Pam Pan 
1a at Promeood te eis nbn hon 
Poe 1 Peg Pra P oe Py Pom Pon 
Paa 1 Poa Paa Pace Pag Pam Pan 
Prue 1 Pe Pae Pre Pe Pem Pon 
Fare 1 Peg Par Per Pre Prm Pn 
Pam 0 Pom Pam Poem Pym Pinm Pinn 
: Pan 0 Pon Pan Pen Pyn Pinn Prn 
Cy = 0.0389 X microfarads per mile (24) 
ie 
1 Ie. Selma Thins ae eats Pam + Pan 
1 Pyy + Pre Poe + Poe Pom + Poo 
1 Poe ap deg Vian. ie bee Pom scion 
0 Pom +p Pam Pom seam Prim A Pn 
Go = 020889.-x< microfarads per mile (25) 
Poa + Paa Pap + Pae Pac + Pap Pam + Pan 
Py + Pra Po + Pre Poe + Poe Pom + Pon 
Pac + Pea Pre TE oe Pee ate Lrap Pom + Pen 
Pam + Pam Pym + Pem Pom + Pym Pinm + Pmn 
cn’ em’ equation 24 in the B column. The same 
Pon = log am Pem = log om denominator T is used for all of the expres- 
sions. 
pees 2dg ee on en’ These eighth-order determinants are 
dd 08 ra en o8 e rather difficult to solve. If the two circuits 
, and ground wires are unsymmetrically 
Paw log de’ Py = log 2f8 placed on the towers, there can be no great 
de ry simplification, and the eighth-order deter- 
df’ fm’ minants will have to be solved laboriously 
Pay = log = Pinos logy by the method of minors to reduce to lower 
df fm order determinants. 
tars fn’ If the two transmission circuits are sym- 
[Pp SS ey ae Pm = 10g “— metrically placed on the tower line so that 
dm fn conductors A and D, B and £, C and F 
dn’ 2mg have the same capacitances, and ground 
Pan = log a Pimm= log +, wire M has the same position with respect 
- to circuit ABC as N has with circuit DEF, 
Pee ge 2eg prs eee then a considerable simplification may be 
ge re Lite mn accomplished. Equation 23 may then be 
} re, reduced (25). 
Py = log f Pan = log ang Equations similar to (25) ay be written 
ef Yn for Cy or C,, and C, or Cy. This is accom- 


Equation 23 gives the value of the capaci- 
tance of conductor A. Equation 24, which 
has the same denominator T as equation 23, 
gives the value of the capacitance of con- 
ductor B. If the column of six one’s and 
two zero’s successively replaces in the nu- 
merator the A column (farthest left), and 
the B, C, D, E, F, M, and N columns, ex- 
pressions will be obtained for the capaci- 
tances of A, B, C, D, E, F, M, and N con- 
ductors in the order named. Equation 23 
has the replacement in the A column, 
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plished by successive replacement of col- 
umns in the numerator by the 1-1-1-0 
column. A fourth-order determinant is, of 
course, easily reduced to three third-order 
determinants by the method of minors, and 
these in turn are readily solved. 
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Discussion 


F. Von Voigtlander (The Commonwealth 
and Southern Corporation, Jackson, Mich.): 
Doctor Lyon’s analysis and computation of 
the electrostatic unbalance of a_ trans- 
mission line nicely illustrate the application 
of the theory of electrostatics to the prac- 
tical solution of system capacitance un- 
balance problems. 

It is interesting to note, however, that for 
single-circuit lines, the solution of the un- 
balanced voltages can be found very simply 
and directly for any common configuration 
by reference to charts 3, 22, and 23 of Engi- 
neering Report No. 16 of the Joint Sub- 
committee of Development and Research 
of the National Electric Light Association 
and the Bell Telephone System. 

Using the example cited in the paper, 
from chart 3 of Report No. 16, we find that 
the highest voltage listed for five-foot 
vertical spacing is22ky. Entering chart 23 
with 22 kv and lowest conductor 30 feet 
from the ground, we find the residual 
voltage to be 1.8 kv. Multiplying by the 
ratio of the actual line voltage (66 kv) to 
the voltage corresponding to the given 
spacing (22 kv), we find the characteristic 
residual voltage for the 66-kv line to be 
5.4 kv. The zero-sequence voltage is one- 
third of the residual, so we have 1.8 kv for 
the neutral displacement which agrees 
exactly with Mr. Lyon’s results for the 
totally nontransposed line. The effect of 
transpositions can readily be taken into 
account by multiplying this unbalanced 
voltage by the ratio of the equivalent non- 
transposed length to the total length of the 
system. 

For twin circuits and circuits with 
ground wires, the results from these charts 
would have to be modified, but for single 
circuits without ground wires, they are well 
within the accuracy required for this type 
of work. 


J. A. M. Lyon: The interesting discussion 
of F. Von Voigtlander tells of an easy 
method to obtain the residual voltage of a 
transmission line by means of published 
charts to which he has made complete 
reference. There is no denying that the 
use of such charts is extremely expeditious 
in obtaining the residual voltage for a simple 
transmission line composed of a single circuit 
without a ground wire. 

It should be emphasized again that the 
author chose for the illustration of the 
method of his paper, the simplest case which 
occurred on the transmission system in- 
volved. It should also be pointed out again 
that a large portion of the total line mileage 
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River Aqueduct 


By J. M. GAYLORD 


FELLOW AIEE 


Synopsis: This paper describes the power 
features of the aqueduct being built to 
supplement the water supply of Southern 
California. Three hundred thousand kilo- 
watts of power ultimately will be trans- 
mitted from Boulder Dam to operate 45 
synchronous motors driving © centrifugal 
pumps. High efficiency, long life, and sim- 
plicity of design are given precedence over 
close voltage regulation and the elimination 
of momentary interruptions. 


HE Colorado River Aqueduct, which 
will double the present water supply 

of Southern California, is in its sixth 
year of construction and the initial de- 
velopment, originally estimated to cost 
$220,000,000, is approximately 85 per 
cent completed. This giant water-supply 
project is being built by The Metropoli- 
tan Water District of Southern Cali- 
fornia, a public corporation composed at 
this time (August, 1938) of the cities of 
Anaheim, Beverly Hills, Burbank, Comp- 
ton, Fullerton, Glendale, Long Beach, 
Los Angeles, Pasadena, San Marino, 
Santa Ana, Santa Monica, and Torrance, 
a total of 13. The District was organ- 
ized in 1928; bonds were voted in 
1931; in September 1932, the Recon- 
struction Finance Corporation agreed to 
buy the first bonds; and construction 
was started in December of the same 
year. It is expected that water will be 
delivered through the aqueduct in 1939. 
The project is closely linked to Boulder 
Dam since the 1,100,000 acre-feet of 
water appropriated by the District out 


Paper number 38-116, recommended by the AIEE 
committees on power transmission and distribution, 
general power applications, and electrical machin- 
ery, and presented at the AIEE Pacific Coast con- 
vention, Portland, Ore., August 9-12, 1938. Manu- 
script submitted April 19, 1938; made available 
for preprinting July 19, 1938. 


J. M. Gaytorp is chief electrical engineer for The 
Metropolitan Water District of Southern Cali- 
fornia, Los Angeles. 


1. For all numbered references, see list at end of 
paper. 


of the flow of the river will be stored by 
the Government in Lake Mead and 36 per 
cent of the firm energy developed at 


4 


The Pumping System of the Colorado | 


‘ 


Boulder will be used for the operation of . 


pumping plants on the aqueduct. The 
power and pumping system, comprising 


five pumping plants and a 230-kv trans- — 


mission system, will ultimately demand 
300,000 kw of power and use 21/, billion 
kilowatt-hours per year, making the 
project of special interest to the electrical 
and mechanical engineer. 


The Aqueduct 


The aqueduct has its intake on the 
Colorado River just above the confluence 
of the Bill Williams River 150 miles below 
Boulder Dam. The Parker Dam, just 
below the mouth of the Bill Williams, is 
now being completed by the United 
States Bureau of Reclamation using funds 
furnished by the District, and will raise 
the water 72 feet above river level creating 
a reservoir of 717,000 acre-feet capacity 
from which the aqueduct will draw its 
supply. From its intake at Parker res- 
ervoir the main aqueduct extends 241.7 
miles to the terminal reservoir at Cajalco. 
This distance is covered by 92.1 miles of 
tunnel, 54.5 miles of cut and cover con- 
duit, 62.8 miles of open-lined canals, 
28.7 miles of inverted siphons, 1.2 miles 
of pump-delivery lines, 1.1 miles of open 
ditch, and 1.3 miles of passage through 
reservoirs. 

From the Cajalco reservoir, distribu- 
tion conduits will deliver water to the 
member cities of the District. Five 
pumping stations lift the water from Par- 
ker reservoir at elevation 450 feet above 
sea level to 1,807 feet, the highest point 
on the aqueduct, from which point flow is 
by gravity to the terminal reservoir at 
elevation 1,405. The problem from the 
standpoint of the electrical and mechani- 


is equipped with double-circuit lines; some 
of these double-circuit lines as well as some 
of the single-circuit lines have ground wires. 
The author indicated in his paper a general 
method which is applicable to all these 
double- and single-circuit lines with and 
without ground wires. 
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Mr. Von Voigtlander grants that his - 


method would not be satisfactory in these 
more complicated cases, at least not with- 
out numerous modifications and extensions 
of the charts. Such changes in his method 
would destroy the original simplicity and 
would thus defeat its purpose. 
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ray cal engineer was to design and build five 
\ pumping plants capable of raising 1,500 
MK second-feet of water through a total net 

© Lake mean \\\\ ls lift of 1,617 feet by means of power ob- 
LAS VEGAS HA. we tained principally from Boulder Dam. 


Zip ~*~ 
/{ ¢ Si Xe f Figure 1 is a general map of the project 
FeABOULDER DAM | SAA 


showing the location of the transmission 


SAUDER CITY lines, pumping plants, and related fea- 
tures of the project. 
N < The Intake plant, figure 10, draws its 


water directly from the Parker reservoir, 
lifts it 291 feet, and delivers it through 
the Colorado River tunnel to Gene Wash 
reservoir. The Gene pumping plant, 
figure 11, lifts the water 303 feet addi- 
tional and delivers it through two tunnels 
to the Copper Basin reservoir. Since 
both the Colorado River and Copper 
Basin tunnels operate as pressure con- 
duits, surge tanks are provided at the 
KINGMAN tops of each lift. The outflow from Cop- 

f per Basin is regulated by gates operated 
by supervisory control from Gene pump- 
ing plant. From Copper Basin the 
water flows by gravity 60 miles to the 
Iron Mountain pumping plant, figure 12, 
where the third lift, 144 feet, is made. 
At this plant no natural storage reservoir 
is available but a regulating forebay res- 
ervoir of 100 acre-feet capacity has been 
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constructed. Normally water is pumped 
direct from the open canal and in case of 
power failure it overflows into the res- 
ervoir. Two of the pumps in the plant 
have auxiliary inlets from the reservoir 
permitting water accumulated during a 
power outage to be pumped out later. 
The forebay reservoir will hold the full 
aqueduct flow for 45 minutes and a siphon 
spillway provides a means of wasting 
water onto the desert during a prolonged 
outage. The next pumping plant in the 
series is Eagle Mountain, figure 13, with a 
lift of 438 feet, located 40 miles from the 
top of the Iron Mountain lift. At this 
plant also, a 100-acre-foot regulating fore- 
bay reservoir has been provided. Six- 
teen miles farther along the aqueduct is 
located the Hayfield reservoir, capacity 
83,000 acre-feet and the Hayfield pump 
lift of 441 feet, figure 14. At this plant 
independent intakes are provided from 
the canal and from the reservoir, so that 
any pump can draw water from either 
source. 


Hydraulic Equipment 


The pumps are all of the single-stage 
single-suction vertical-shaft volute type 


without guide vanes or diffusers. Each 
pump has a capacity of 200 second-feet. 
The first installation at each plant con- 
sists of three pumps connected to a single 
discharge pipe. Additional discharge 
pipes and pumps will be added as required 
to meet water demands until a total of 
three discharge lines and nine pumps has 
been installed in each station. 

Few pumps of the capaeity and head 
required for these installations have ever 
been built, and at the time the work was 
undertaken considerable difference of 
opinion existed between various manu- 
facturers as to the best type, speed, num- 
ber of stages, and depth of setting to 
insure satisfactory operation. In order 
to resolve these differences in opinion and 
to improve pump efficiency the District, 
with the co-operation of the California 
Institute of Technology, constructed a 
pump testing laboratory and carried out 
a two-year program of model testing 
prior to the purchase of the equipment. 
The specifications which resulted from 
these tests required that each bidder sub- 
mit for testing in the District’s laboratory 
prior to the award of contract a model of 
one of the pumps offered. Three con- 
tracts were awarded as a result of this 
competition and each of the contractors 
was then required to submit for testing a 
model of each full-size pump to be fur- 
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the course of these tests. Information 
obtained during tests was used to improve 
the design and each of the final models 
showed efficiency between 91.5 and 92.5 
per cent. Characteristic curves for one 
of the Gene models are given in figure 9. 
The contracts provide for bonuses aggre- 
gating $55,000 for each per cent in effi- 
ciency in excess of 88 as shown by field 
tests of the full-sized pumps. 

The program of testing also showed cer- 
tain structural improvements to be de- 
sirable in the pump shafts and casings. 


Under certain conditions, encountered — 


in starting and stopping pumps, the im- 
pellers were found to be subject to heavy 
lateral forces and in order to prevent con- 
tact between the rotating and stationary 
seal rings the shafts were required to be 
much larger than ordinarily used. Fig- 
ure 7 is a transverse section indicating 
structural features of a typical pump. 
The tests also determined very definitely 
the depth of the setting below inlet water 
level necessary to prevent unstable op- 
eration and cavitation of impellers. In- 
formation of this kind, shown graphically 
in figure 8, aided materially in the design 
of the plants. 


The casings of all pumps are made of 
cast steel except at the Iron Mountain 
plant where high-strength nickel cast 
iron is used. The casings are heavily 
ribbed to minimize deflections caused by 
water hammer and unbalanced side 
thrusts of the impellers. The pump impel- 
lers are all made of high-tensile-strength 
bronze. Oversize shafts made it possible 
to reduce radial clearances and increase 
pump efficiency. Figure 20 is a trans- 
verse section through one of the pump 
houses. 


At the Intake plant, each pump takes 
water from the reservoir through a sepa- 
rate inlet pipe which may be closed inde- 
pendently by plain sliding gates. At the 
other plants motor-operated butterfly 
valves are provided in each inlet pipe. 
Each pump is fitted with a discharge 
valve and can be unwatered for inspec- 
tion and maintenance without interfering 
with the operation of adjacent pumps. 
Discharge valves are of the rotating-coni- 
cal-plug type operated by oil cylinders. 
This valve when fully opened has a cir- 
cular water passage tapered to corre- 
spond to the increasing diameter of the 
pump-discharge nozzle. In operating the 
valve in either direction the operating 
mechanism first raises the plug slightly to 
unseat it, rotates it to the desired posi- 
tion, then lowers the plug, and reseats it. 
The oil pressure system is similar to that 
ordinarily used to operate the Servo- 
motors of hydraulic turbine governors. 
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For standard suspension tower, type 5AS for 795,000 circular mils 
aluminum steel reinforced conductor 


Oil for operation is kept under air pres- 
sure in accumulator tanks in sufficient 
quantity for two complete valve opera- 
tions without recourse to the oil pumps. 
Pressure surges in the pipe lines, which 
occur when the pumps are suddenly 
stopped due to power failure, are held 
within permissible values by the opera- 
tion of the discharge valves under the 
control of a device similar to a hydraulic 
turbine governor. Upon failure of the 
power supply the discharge valves close 
rapidly to the point of definite throttling 
of the flow. During this interval the 
moving water column in the discharge 
pipe comes to rest due to the action of 
gravity and return flow from the pump is 
allowed to commence. The latter part 
of the closing stroke is made very slowly 
and the reverse flow brought to zero with 
definite limitation as to increase in pres- 
sure. The device is susceptible of ad- 
justment to insure complete closure 
without excessive pressure rise and before 
dangerous speed reversal occurs. 


Power Supply 


The Metropolitan Water District was 
one of the three principal underwriters 
of Boulder Dam. The Boulder Canyon 
Act authorized the Secretary of the In- 
terior to begin construction of the dam 
only after he had obtained power con- 
tracts guaranteeing the return of the 
Government’s investment within a term 
of fifty years. Contracts with The 
Metropolitan Water District, the City of 
Los Angeles (Bureau of Power and 
Light), and the Southern California 
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SECTION AA 
Structural Steel* 16 
Concrete 0.73 cu. yds. 


Edison Company, meeting the above 
requirements were consummated in the 
spring of 1930. Under its contract the 
District was allotted and agreed to 
pay for 1,526,000,000 kilowatt-hours 
per year (subject to a small annual 
diminution and the three-year load- 
building allowance), which is 36 per 
cent of the firm energy to be developed 
at the dam. It was also given the first 
right to use secondary energy which is 
expected to be available in considerable 
quantities from time to time. The Dis- 
trict also has the right to use the firm 
energy allotted to the States of Arizona 
and Nevada, but not used by them. 
To deliver the full capacity of the aque- 
duct will require 2,250,000,000 kilowatt- 
hours annually, or 724,000,000 kilowatt- 
hours per year in excess of its firm power 
allotment at Boulder Dam. The aque- 
duct is designed to provide water for a 
long period of development of the ter- 
ritory supplied and the growth of the 
demand will undoubtedly extend over 
many years. The District’s present 
firm energy supply will undoubtedly be 
in excess of its requirements for a number 
of years, but when this firm supply is 
exceeded the deficiency can be made up 
by taking over some of the States’ firm 
power, if unused, or by a combination of 
secondary and standby power to be pur- 
chased from other allottees of Boulder 
Dam power. In addition to these power 
resources the District owns one-half of a 
100,000-kw power site at Parker Dam. 
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Transmission Line 


The District’s power system was de- 
signed as an independent unit to effi- 
ciently meet the particular requirements 
of the situation. Sturdy mechanical and 
electrical construction, high efficiency, 
and low maintenance were given primary 
consideration. Of secondary importance 
were regulation of speed and voltage and 
the elimination of momentary iuterrup- 
tions. The aqueduct, as a whole, was 
designed with water storage and carrying 
capacity sufficient to allow for service 
outages of seven per cent of the time. 
This condition practically eliminates any 
serious objection to momentary inter- 
ruptions of electrical power service. For 
this reason no attempt was made to de- 
sign what could be considered an inter- 
ruption-proof transmission line. Over- 
head ground wires and counterpoise were 
omitted. 

The transmission voltage of 230,000 
was selected as the result of extensive 
studies to determine the type and voltage 
of the system which would give lowest 
cost during a 50-year period considering 
maintenance, depreciation, interest, and 
cost of lost power. A similar study of the 
transmission problem between Intake, 
Gene, and Parker power plant resulted 
in the adoption of 69 kv for this part of 
the system. 

The initial and final development of the 
system are shown in figure 2. The first in- 
stallation is a single circuit throughout. 


TRANSACTIONS 115 


A second circuit from Boulder to Camino 
will be necessary when the load reaches 
about two-thirds of its maximum and, 
unless energy costs are lower than at 
present, it will be economically advisable 
to build a second circuit on the west 
branch of the system when full develop- 
ment is attained. 

The lowest elevation of the line is 750 
feet above sea level near Gene, and the 
highest is 3,650 feet between Camino and 
Boulder. The towers were strengthened 
for a distance of about ten miles where 
the elevation is above 3,200 feet. A 
reduced conductor tension was also used 
for about five miles in this section. The 
design for the transmission line towers was 
selected from a large number of studies, 
designs, and estimates, including wooden 
“H’’ frames, flexible-steel frames with 
anchor towers at each tenth span, guyed- 
steel frames, and rigid-steel towers. 
There was but little difference in the 
estimated first cost between the various 
designs. The rigid steel tower was 
chosen because of its lower cost of main- 
tenance and rugged design. Concrete 
footings, figure 5, were used throughout 
the line, except in a few places where 
towers were set on native rock and ex- 
cepting the Danby Dry Lake crossing 
where creosoted pile foundations, figure 
6, were found to be necessary to protect 
the metal and concrete from the corrosive 
action of the concentrated alkali of the 
soil. Five different towers are used and 
the designs provide for legs shorter or 
longer than standard to meet side-hill 
conditions. One tower of each type was 
tested at 50 per cent overload and one 
standard suspension tower was tested to 
destruction. In the latter test, failure 
occurred in the overhanging arm of the 
bridge at 90 per cent overload. 


Two complete lines were located and 
designed, one for copper and one for steel- 
reinforced aluminum conductor and al- 
ternative bids for all work and materials 
were taken at the same time. Alterna- 
tive bids also were permitted on towers 
to be designed by the bidder to determine 
the savings, if any, due to the rotated 
base and waisted designs. The alumi- 
num line proved to be approximately ten 
per cent cheaper than the copper line 
and the District design of conventional 
tower, figure 3, was materially lower in 
price than any of the others. The line 
includes 227 miles of steel-reinforced alu- 
minum circuit and ten miles using hollow 
copper conductor of the twisted I-beam 
type. 

Simple, strong fittings of standard de- 
sign are used. Suspension clamps were 
selected after tests at the factory to de- 
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termine the seat curvature best adapted 
to minimize vibration stresses. Strain 
clamps are of the compression type. 
The aluminum conductor and its steel 
core are gripped separately, but the 
clamps for copper compress the entire 
cable. Vibration dampers of the Stock- 
bridge type are used on both aluminum 
and copper. Armor rods are also used on 
the aluminum conductors as an ad- 
ditional safeguard against vibration dam- 
age and to protect the conductor against 
arcs. Arcing horns are not used on in- 
sulator assemblies but sufficient clear- 
ance has been allowed to permit their 
installation at a later date if desired. It 
is a well-established fact that vibration 
troubles increase with conductor tension 
and in the interest of long life and low- 
maintenance cost a conservative value 
was adopted, namely, a tension of 30 per 
cent of the ultimate strength at 25 degrees 
Fahrenheit with a wind load of eight 
pounds per square foot. The normal 
level span was fixed at 1,370 feet, or less 
than the economic span, in the belief 
that the resulting lower tower height 
would reduce the lightning hazard. 

In establishing clearances between the 
transmission-line conductors and steel, 
the dimensions were adjusted to main- 
tain full flashover value of the insulators 
with the conductor subjected to a wind 
velocity of about 32 miles per hour. A 
higher wind velocity will reduce the clear- 
ances, but even with an actual wind ve- 
locity of 56 miles per hour the clearances 
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For special suspension tower, type 5AH 


will be sufficient to prevent flashovers 
due to switching surges ordinarily to be 
expected. The transmission-line pro- 
file, of course, is not level and, in order to 
allow for all possible conditions, clear- 
ances were determined for a three-degree 
angle in the line. The conductor-to-steel 
clearances are 60 inches with a three- 
degree angle and a wind pressure of eight 
pounds per square foot and 74 inches with 
a 3-degree angle and a wind pressure of 
21/. pounds per square foot. Figure 4 is 
the clearance diagram for the standard 
suspension tower. 

The towers carry two ground wires for 
approximately one mile from each station. 
Mid-span clearance between conductors 
and ground wires is 30 feet with alumi- 
num conductors and 20 feet with copper 
conductors. 


Motors 


The completed installation will include 
45 6.9-kvy synchronous motors rang- 
ing in size from 4,300 to 12,500 
horsepower. Each motor is equipped 
with direct-connected main and pilot 
exciters, and is designed for full-voltage 
across-the-line starting. All motors are 
totally enclosed for recirculation of air, 
are water cooled, and provided with 
carbon-dioxide fire protection. In the 
preliminary studies of system design it 
was apparent that normal character- 
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istics of generators and motors would not 
give the required stability of operation 


_ and a radical reduction in system reac- 


tance was necessary. Within practical 
limits the reactance values of the genera- 
tors could be reduced at less cost than 
could the corresponding values of the 
There was, however, an eco- 
nomic limit to such reduction and, having 
reached this limit, the improvement of 
motor characteristics offered the next 
best possibility. Normal value of syn- 
chronous reactance in motors of this 
size is about 110 per cent, but it was 


_ necessary to reduce this value to about 


50 per cent to obtain the desired results. 
In making this determination the prob- 
lem was set up on an a-c calculating board 


Figure 7. Transverse section through pump, 
capacity 200 cubic feet a second against 310- 
foot head, 400 rpm 


Extra heavy shaft to resist unbalanced radial 
forces when starting 
Main bearing is self-aligning, casing heavily 
reinforced with cast steel ribs 


and solution obtained for the steady- 
state operating limit. The effect of satu- 
ration of the iron in the motors was taken 
into consideration and their reactance 
was expressed in terms of equivalent re- 
actance which corresponds to that under 
actual operating conditions. After the 
motor characteristics for steady-state 
operation had been determined, further 
study was made on a calculating board 
of the transient conditions occurring 
when each motor is started. As a result 
of these studies an equivalent reactance 
value of 34 per cent at 105 per cent rated 
output and 95 per cent voltage was speci- 
fied. Calculations indicated that this 
figure will give a power margin of about 
25 per cent for the present transmussion 
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system with four motors operating at 
each plant. 


Across-the-line starting of motors will 
produce heavy momentary drops in volt- 
age but, since this system supplies no 
power customers and practically no 
lighting load, voltage drops are not ob- 
jectionable. This method of starting 
greatly simplifies station design. The 
initial rush of current at starting must 
be limited to a value that will not allow 
the terminal voltage to drop below the 
minimum required for starting the first 
motor or below the value required for 
stable operation when more than one 
motor is in service. It was found that a 
single amortisseur winding gave a suf- 
ficiently low inrush as well as adequate 
starting torque and this type of winding 
was adopted because of its substantial 
construction. The specifications require 
the motors to produce sufficient ‘break 
away” torque to overcome starting 
friction and the most difficult condition 
is that which occurs when the initial motor 
is started in the pumping plant farthest 
from the generators. As each additional 
motor is placed in operation, those al- 
ready in service, with the assistance of 
their voltage regulators, help to maintain 
normal voltage giving greatly improved 
starting conditions. Starting the last 
motor, however, is the most critical op- 
eration as the system is then closer to its 
power limit. When the 20th motor is 
started on the single-line system, there 
will be a margin of stability of about 
25 per cent if all regulators are out of 
service and 35 per cent with the regula- 
tors in service. Each motor is required 
to develop at least 14 per cent of rated 
torque in starting with normal voltage 
maintained at Camino. Each motor 
must bring the pump to synchronous 
speed with water in the casing, discharge 
valve closed, and the voltage back of the 
transient reactance held normal at the 
generators. At the speed for field 
application the torque must be sufficient 
to drive the pump under the above hy- 
draulic conditions with the field short- 
circuited through a starting resistor or 
with the field short-circuited upon itself 
and also with field applied at the most 
unfavorable angle for synchronizing. 
These requirements insure that the motors 
may be easily synchronized regardless of 
the angle at which the field is applied. 


Receiving Stations 


The main transmission line extends to 
all of the pumping plants except Intake 
which is supplied with power at 69 kv 
from Gene. At each plant one bank of 
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transformers has been installed and this 
constitutes one-half of the ultimate in- 
stallation. Transformers are wye-con- 
nected on the high side with neutrals 
solidly grounded and delta-connected on 
the low tension sides. All transformers 
are water cooled and provided with ni- 
trogen-seal equipment. The 230-kv re- 
ceiving stations are provided with a main 
bus and a transfer bus as indicated in 
figure 15. Because of lack of ground 
space a high steel structure is used and 
in the case of the disconnecting switches 
between the incoming circuits and the oil 
circuit breaker, the blades of the discon- 
necting switches are placed in a vertical 
position. All other high-voltage dis- 
connects are of the horizontal-break type 
supported on tripods made up of stand- 
ard high-strength line insulators. The 
disconnecting switches are motor-oper- 
ated and controlled from the main bench- 
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Figure 8. Typical cavitation characteristic 
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Figure 9. Complete pump characteristic 


Laboratory test of contractor's model for Gene 
pumping plant. Model ratio 1 to 5.53, tested 
at 2,133.5 rpm 


Note efficiency of over 90 per cent throughout 
operating range 
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Figure 10. Intake pumping plant 


Schematic profile 


Pump data: Average head 294 feet—ca- 
pacity 200 cubic feet a second each—speed 
400 rpm—motors 9,000 horsepower each 


3— initial installation 
9—ultimate installation 


Number of pumps: 


board. The high-voltage oil circuit 
breakers, having a rupturing capacity of 
21/, million kva, are of the oil-blast 
explosion-chamber type and _ solenoid 
operated. Figures 16 to 19, inclusive, 
show the general arrangement of the sta- 
tions and the design of the switch racks. 

The 6,900-volt wiring includes a main 
and a transfer bus with disconnecting 
switches and circuit breakers located in a 
separate building a short distance from 
the main pump house. When two trans- 
former banks are in service the main 
6,900-volt bus will be operated as two 
sections. Disconnecting switches permit 
sectionalizing at any one of six places 
between positions 3 and 7, allowing ap- 
proximately equal loading of each part 
of the bus and each bank of transform- 
ers. A bus-tie position is provided 
which by means of disconnecting switches 
may be connected between either half 
of the main bus and the transfer bus. 
Thus the bus-tie oil circuit breaker may 
be substituted for any motor oil circuit 
breaker or that for the station light and 
power position. All disconnecting 
switches are group-operated and are 
provided with mechanical interlocking 
devices and keys to prevent opening or 
closing of disconnecting switches should 
the associated breaker be closed, or open- 
ing of a circuit breaker cell door unless 
the circuit breaker disconnecting switches 
are open, or, connecting more than one 
circuit to the transfer bus at any one 
time. The 6,900-volt buses are con- 
structed from one-quarter-inch by four- 
inch copper bars except at Eagle and 
Hayfield plants where 5-inch copper 
channels are used. Special heavy-duty 
expansion-type bus clamps are provided. 
All buses are bolted together with °/s- 
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Figure 11. Gene pumping plant 


Schematic profile 


Pump data: Average head 310 feet—ce- 
pacity 200 cubic feet a second each—speed 
400 rpm—motors 9,000 horsepower each 


3— initial installation 
9—ultimate installation 


Number of pumps: 
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Figure 12. Iron Mountain pumping plant 
Schematic profile 
Pump data: Average head, 146 feet—ce- 


pacity 200 cubic feet a second. each—speed 
300 rpm—motors 4,300 horsepower each 


3— initial installation 
9—ultimate installation 


Number of pumps: 
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Figure 13. Eagle Mountain pumping plant 
Schematic profile 
Pump data: Average head 440 feet—ca- 


pacity 200 cubic feet a second each—speed 
450 rpm—motors 12,500 horsepower each 


Number of pumps: 3—initial installation 


9—ultimate installation 
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inch Everdur bolts and all contacts are 
silver plated. The 6.9-kv oil circuit 
breakers have an interrupting capacity 
of 500,000 kva and are rated at 600 and 
1,200 amperes. These breakers are of 
the oil-blast type and are solenoid op- 
erated. The oil circuit breaker isolating 
switches are six-pole, group-operated, and 


mechanically interlocked with the cir- 


cuit breakers. All others are three-pole, 
group-operated switches. All discon- 
necting switches are enclosed in steel 


4 
—— 


compartments and a set of key interlocks 


is provided to prevent improper opera- 
tion. 


Station Control 


The control rooms are so arranged that 
the operator at the control desk can see 
all important control panels. The bench- 
board carries all indicating instruments 
and the equipment for controlling the 
motors, 230-kv oil circuit breakers, 230- 
kv disconnecting switches, and voltage 
regulators. Station metering equipment 
and the 230-kv line and transformer re- 
lays are mounted on the rear of the bench- 
board panels. Individual panels or cubi- 
cles are provided for each motor. On the 
front panel of each cubicle are located the 
annunciator, auxiliary control relays, oil- 
flow and water-flow pilot lamps, auto- 
matic-manual selector switch, pilot ex- 
citer rheostat, and control switches for in- 
let valve, discharge valve, and motor 
field switch. These controls are in ser- 
vice only when the units are under man- 
ual control and are inoperative during 
automatic operation. The rear panel of 
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Figure 14. Hayfield pumping plant 


Schematic profile 


Pump data: Average head 444 feet—ca- 
pacity 200 cubic feet a second each—speed 
450 rpm—motors 12,500 horsepower each 


Number of pumps: 3—initial installation 


9—ultimate installation 
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the cubicle carries the overload and dif- 
ferential relays, voltage regulator with its 
cut-out switch, and the watthour meter. 
Other panels carrying d-c controls, temp- 
erature and water-line indicators, and 
telephone equipment are located in 
frames set flush with the walls of the con- 
trol room. Access to the rear of these 
panels is obtained from adjacent rooms. 
Incoming control cables terminate on 
racks in the control room basement which 
are provided with terminal blocks for 
cable conductors and panel wiring. 

Under automatic control, before a 
pumping unit can be started, it is required 
that the water for cooling and oil for lu- 
brication be functioning properly, that the 
inlet valve be open, and the discharge 
valve closed. The pump is then started 
with the motor field short-circuited 
through a resistance. As the motor ap- 
proaches synchronous speed, a synchro- 
nizing relay, described later, causes the 
field switch to close, bringing the motor 
into synchronism. The voltage regulator 
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Reservoir receives water from aqueduct in excess of that pumped 
Substructure of pump house completed for ultimate of nine pumps 


Outdoor hoist for transformer repair 


Spare single-phase transformer can be connected in either of two banks 


is then automatically brought into serv- 
ice and the pump. discharge valve 
opened, establishing flow in the discharge 
pipe and fully loading the motor. In 
the normal stopping of a pump the dis- 
charge valve is first closed and then the 
motor oil circuit breaker opened. In 
case of an emergency shut-down, the 
motor oil circuit breaker opens immedi- 
ately and the discharge valve closes 
under control of the hydraulic surge sup- 
pressor previously described. 

In the motor-starting scheme, pro- 
vision is made for automatically applying 
the motor field when the field flux linkages 
area maximum. This occurs twice every 
slip cycle and the rotor is then in a favor- 
able position for being brought into syn- 
chronism. At the instant of maximum 
field flux linkages the induced field cur- 
rent is zero and the armature current is a 
minimum. Near synchronous speed the 
armature current pulsates at a rate pro- 
portional to the slip. The field-applica- 
tion relay which is of the wattmeter type 
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without moving 


closes its contacts at a minimum instan- 
taneous value of the pulsating current. 
As the pulsations become less frequent, 
the relay contacts remain closed for a 
longer period. When the closing period 
attains a predetermined duration, a 
series of timing relays operate to close the 
field breaker at multiples of a half slip 
cycle later corresponding to a time for 
maximum field flux linkages. The motor 
speed at which the field-application relay 
operates is independent of the voltage. 
This is accomplished by equipping the 
synchronous relay with a restraining coil 
having a torque proportional to the 
square of the voltage and an operating 
coil proportional to the motor power in- 
put which is proportional to the square of 
the voltage. After synchronizing the 
motor the circuit of the potential coil of 
the wattmeter-type relay is altered so 
that it becomes a power-factor relay 
which trips the motor breaker on low 
power factors resulting from out-of-step 
conditions. 
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——-2 Figure 17. Section through 6.9-kv switch houses Protective Relays 


Single-phase transformers with short bar connections Relays for a power system such as this 
are are principally for the protection of lines 
Interlocked gang operated disconnecting switches and apparatus rather than the sectional- 
with sheet-metal barriers between circuits izing of the equipment for continuity off 
Single-tank oil circuit breakers in cells that open to service. The simpler types of relays 
out-of-doors are used and each line and each piece of 
Motor oil circuit breakers at switch house with major apparatus is provided with relays 
cables in tunnel direct to motor terminals in order to facilitate the location of faults. 
Phase protection of the 230-kv system is 
Figure 20. lron Mountain pumping accomplished by directional-type relays — 
plant—section through pump house at the pumping plants and impedance-. 
type relays at Boulder. The latter are 
used because of the small difference be- 
tween currents at Boulder resulting from 
a short circuit at the extremities of the 
line and those that flow during the start- 
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Mechanically connected butterfly valves 
in suction.permit water to be taken from 
either the aqueduct or reservoir 


Arrangement of pump, motor, cranes, and 
pump house very similar to that in hydro- 
electric generating plants 
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Figure 21. 


The Intake pumping plant at the 
Colorado River 


ing of a motor when the system is near 
full load. 

Relays for line-to-ground faults on the 
230-kv line are of the overcurrent induc- 
tion type and operate from current trans- 
formers in the transformer neutrals. At 
‘Gene pumping plant, because of the three- 
winding transformer bank with both 230- 
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Boulder Power Plant 


GENERATORS 


Ber uemnber installed tastially. . 2. ssn eee eens acevics ss 
Number to be installed ultimately................... 
Kilovolt-amperes each at unity power factor 


Bret HET Ol POLES sfc ce dato aeimiecs Snjele viele sip om Sele me Sele 


Speed, revolutions per minute.........--20.2eseeeees 
SRT OAS) A oT ay ee ee ee er 
Direct-axis transient reactance, per cent.. 
Moment of inertia (WR?) each—not less than......... 
Total weight, pounds, approximate...............-..-. 


TAS ES ON ee SS Se ee ern rar 


Biyne Of SUSUIATON. <n. ee wee eine ricnrie se eee ae vies Class B and Hayfield All Plants 
Excitation—nominal 250 volts, main and pilot exciter a Doge learn cins richo OT ORN O Ory ROO OOO ae. Indoor cell Indoor cell 
GITECEICOUTIECEEG oc ata eis ie seas we owen cnet ase ce Voltage classusmias st ecient © reir alec 6,900 6,900 
BS xciter FESDOlNSE.o 6 ccc civisiv es a aie Mow eerie ress as 0.50 Interrupting capacity, kilovolt-amperes.. 500,000 500,000 
Normal current rating, amperes........ 1,200 600 
Speed of opening, cycles.........++++5+ Less than 5 Less than 5 
POWER TRANSFORMERS Weight with oil, pounds.............-. 3,378 3,374 
KSAN OTIS OLIOU aisle ini ats satialce)s/areba aia) ale) «she 82 82 
‘Number initially installed..............----++++- 4 
Number to be installed ultimately............--+-+--- re Morors 
Biny perreeeet tee fie nein elses Spins Ov ne seins zene Water cooled outdoor pfeetne. cidaiy Inatatied eee: 
i i S ingle-phase.......... 55,000 umber 1n1 yl é tence — 
te eee a Ss CAS ey la 230,000 Y/16,500 delta Number to be installed ultimately. . 9 at each plant—total 45 
re cy. eycks ner secoad ; hs ; ; ‘ : : ; i ; ; pO eet a : : 60 Mv pe CAC nile alesse aia merece : Totally enclosed hae 
3 : Rae ect rede ee 10.8 i Vo) (is Fat er PIG CPC CAPE Dat ea ’ } f 6, 
Beare cet a social voliare per cent 2.4 PSCifattOtcisleianea.+ © ofeueiat nats an .125 volts, main and pilot exciter direct poe 
WEE ICEMC) oe isis ccc au : : 
‘Full-load efficiency, per cent........------e++eeeeeeee 99.51 nee q aiid 
Half-load efficiency, per cent........---+--e eee ee seers 99.52 CULE EBD OUBE Hy iaie sin) 2010 . 
-Total weight per unit with oil, pounds.............---- 243,000 Eagle 
Floor space and height, feet.........-.---+e++eeeeeee 101/2 by 121/2 by 30 eure een i 
‘Quantity of oil per THLE, LALIONS. |; rete > sce oes ae 9,300 ee ree a OP 
Gene tain Hayfield 
aes Horsepower rating, each....... 00s eee neers 9,000 4,300 12,500 
om, Cixculr BREAKERS pee NoEraee Speed, revolutions per minute 400 300 450 
JIRGRS: -codees.eu po.cigoend DOO d Omit aha CaSO Sey Oro esc Outdoor 3 tank Number of Poles, .i...26 55 ee ee ee nee 18 24 , 16 
Voltage class, kilovolts........-.--+++++eessreercrees 230 Short cireait ratio... 6.6.8. ah br ree TTC 2.15 2 19 2. ze 
Interrupting capacity, kilovolt-amperes..........------ 2,500,000 Direct axis transient reactance, per cent......... 25.4 21.5 26 
Normal current rating, amperes......-..-.--+-eeesees 1,200 Starting inrush of normal current, per cent....... 586 646 517 
‘Speed of opening, cycles......---+--+- +++ eer reteeee Less than 8 Moment of inertia (W R2) each, pound feet? 397,600 296,000 430,000 
Weight with oil pounds ME ea Pe a cna e seers SIO = 28 204,000 Type of insulation............. ERT Tae stan Class B Class B Class B 
‘Gallons of oil per breakers ae ae ee ee et ee we SS 15,500 Total weight, pounds each........-.-.-.+++++5: 160,000 97,500 180,000 
Transactions 121 
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Equipment Characteristics 


kv and 69-kv neutrals grounded, a direc- 
tional overcurrent relay is used to pre- 
vent the 230-kv breaker tripping for a 
fault in the 69-kv system. The relay has 
two current elements, one of which meas- 
ures the sum of the currents in both the 
230- and 69-kv neutrals and the other the 
current in only the 230-kv neutral. When 
the currents in the two coils are in the 
same direction, the contacts close. For 
ground faults on the 230-kv system the 
only current in the relay is from the 230- 


Pumping Plants 


ky fault and the relay contacts are set to 
close under this condition. For faults on 
the 69-kyv system the current in the 69-kv 
neutral is greater than that in the 230-kv 
neutral and opposite in direction. Thus 
the relative direction of current in the 
coils is reversed and the relay contacts 
are held open. 

For phase protection of the 69-kv lines 
duo-directional induction-type relays with 
instantaneous overcurrent relays and 
cross-connected current transformers are 
placed at both Gene and Intake pumping 
plants. For protection of each single 69- 
kv line and to back up the duo-direc- 
tional relays, overcurrent induction-type 
relays are placed at Gene and directional- 
overcurrent induction-type relays at In- 
take. The relays at Gene for line-to- 
ground protection are the overcurrent 
induction type and at Intake the direc- 
tional overcurrent type with residual 
voltage obtained from capacitors on the 
breakers for the directional element. 

Differential protection with induction- 
type differential relays is used on each 
motor and each transformer. The mo- 
tors also have overload relays with a 
long-time setting to prevent tripping dur- 
ing starting. 


HIGH-VOLTAGE OIL CIRCUIT BREAKERS 


Gene, Iron Moun- 
Intake tain, Eagle, and Hay- 
and Gene field 
i aay Sa rac Rete Hr OO OrS Ol. Nir es oeeeaOD Outdoor 3 tank Outdoor 3 tank 
Voltage class, kilovolts....::...+.:+:.-. 69 230 
: 2 Interrupting capacity, kilovolt-amperes.. 500,000 2,500,000 
= 4 Normal current rating, amperes........ 600 1,200 
82,500 Speed of opening, cycles..........++.-- Less than 5 Less than 5 
16,500 Weight with oil, pounds.............-. 13,200 183,600 
40 Floor space and height, feet............ 11 by 6 by 11 12 by 451/2 by 211/2 
: ESO Gatlone Of oil aahinagSramcsc «6d ase ia 600 13,000 
, 2.74 
: 17.5 : = 
105,000,000 Low-VoLtTaG® Ort CircuiT BREAKERS 


- 2,000,000 
40 
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Iron Mountain Plus 
Auxiliary Service, 


Intake, Gene, 
Eagle Mountain, 


TRANSFORMERS 


Type, each single phase..........-.- 
Frequency, cycles per second........ 


Number used initially.......... 500 
Number used ultimately...... Rearters 
Number spare units........ Misvefavalisie 


Rating kilovolt-amperes each at 230 

MEV Srcyercretbyeie 6.6 Wieisieisve © Gisneds gielteteleks 
Ditto, each at 69 kv.............. 
Ditto, each at 6,900 volts.......... 
Highivoltage- caret eerie: 


Intermediate voltage.............. 
LOWEVOltALe uaesiccletetiesie cites ut 


Impedance— 
230 to 6.9 kv (per cent)......... 
230 to 69 kv (per cent).......... 
69 to 6.9 kv (per cent)......... 
Exciting current at normal voltage, 
PEK CONE cereretuelessisieis wisteneisileielerele ia 
Full-load efficiency, per cent....... 
Half-load efficiency, per cent....... 
Total weight per unit, pounds...... 
Floor space and height, feet........ 


8by8 10by17 81/2by 12 91/4by151/2 


by 16 by 27 by 241/,4 by 25 
Pumps 
Characteristics and Principal Dimensions 
Iron Eagle 
In- Moun- Moun- Hay- 
take Gene tain tain field 
1. Total pumping head including pipe 
losses in feet—Average.......... 294 310 146 440 444 
2: Ditto—Maximum..;.. 605 ..s60-5- 303 324 156 452 476 
Sa Ditto—Mantimi minnie elon ci 272 286 133 427 432 
4, Inlet pressure heads in feet when 
total pumping head is—Average.. 14 We 15 20 37 
See Ditto— Maximum nace ai stele «ice o'- 9 5 5 10 5 
65) -Ditto—Minimismys 5 .).052 <1 01 0-2 161+ 1 19 23 16 22 37 
WMEEODECG TOU ie feel eres peice cusensini ake 400 400 300 450 450 
8. Specific speed, gallons-per-minute 
PIMIES Fie sieiesejereravsceueievete.e sie)sis) 6 sis'e's/3 1,690 1,624 2,140 1,403 1,395 
Impeller dimensions, inches......... 
90" Outside diameter... ...c0+-.s00600¢ 76 78 741/g 8115/16 8115/16 
102 Inletidiameters jie cin viernes ere sroreone 40 40 407/s 34 34 
1ieWidthrat discharge nse ermie ieee 9.703 8.833 125/16 7.0 7.0 
12. Inside diameter discharge flange... 42 42 48 401/, 401/; 
see Number of vanes..ce, cies ieieres ele sisi 8 8 6 9 9 
14, Shaft diameter, inches............ 22 22 20 24 24 


Outdoor, water cooled 


or Neds Sekt esa eanterane 60 
Eagle 
Moun- 
Iron tain and 
Moun- Hay- 
Intake Gene tain field 
12 3 3 3 each 
24 6 6 6 each 
Bn 1 1 1 for both 
plants 
22,000 5,500 15,000 

2,000 11,000 Ae as 
2,000 11,000 5,500 15,000 
69,000 230,000Y 230,000Y 230,000Y 
Delta 

69,000Y ne ots 
6,900 6,900 6,900 6,900 
Delta Delta Delta Delta 
9.29 9.77 10.00 
ae 11,28 ane ne 
yal 20.53 : 

126 2.75 3.39 3.50 
99.00 99.39 99.13 99.35 
99.05 99.30 99.06 99.27 
40,300 211,000 109,000 155,000 


The discharge capacity of each pump at average or rated head is 200 cubic feet 


per second. 


230-Kv Transmission Line 


CONDUCTORS 


Steel Reinforced Aluminum (ACSR) 


Circular mils of aluminum,.......... 
Strands ofalumintim. noe cece 
Diameter of aluminum strands, inches 
Strands oftcteel secre cacti ce 
Diameter of steel strands, inches..... 
Diameter of conductor, inches....... 
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Conductor Tenstons 
ACSR 


Copper 


Maximum design tension at elevations over 
3,200 feet at 0° F., 1/2 inch of ice and a wind 


pressure of 6 pounds per square foot, pounds .. 14,600 
Maximum design tension at elevations es 
25° F. and a wind pressure o 
3,200 feet at 25 a a0 otea 


pounds per square foot, pounds Moree taistetstotsters 
Maximum design tension adjacent Gene and 
Boulder at 25° F. and a wind pressure of 8 


foot, pounds.........-. Tere 5,600 adjacent to Boulder 
epee Weta ns ; 8,100 adjacent to Gene 
Ground-Wire Tensions 
Over Over 
Copper ACSR 
Maximum design tension in !/3 inch steel ground wire...... .....3,000 6,100 


TOWERS 


Type 54S, Standard Suspension, Aluminum Conductor 


Designed for light loading (8 pound wind at 25° F.): 
1. Normal level span of 1,370 feet, with an angle in the line of 130% 
2. Maximum span of 1,710 feet with no angle. 
3. One broken conductor or one broken ground wire. 


Weight of constant portion of tower, with standard legs, pounds........ 10,216 
Weight of steel in concrete footings, per tower, POUNdS:,.\6</-iiee) Melee 788 
Quantity of concrete in footings, per tower, cubic yards................ 2.92 
Niamber Of COWELS viciccieve oo oe + + eivin sieilelgie'o)e1s! elelouo.0\@o3ssolele/oele inietsni eter ranenetaie 736 


Type 5AA, Suspension Tower, Aluminum Conductor 


Designed for light loading (8 pound wind at 25° F.): 
1. Normal level span of 1,370 feet, with an angle in the line of 9°. 
2. Maximum span of 1,800 feet with an angle in the line of 9°. 
3. Maximum span of 2,600 feet with an angle in the line of 5°10’. 
4. One broken conductor or one broken ground wire. 


Weight of constant portion of tower with standard legs, pounds......... 11,841 
Weight of steel in concrete footings, per tower, pounds................ . 1,008 
Quantity of concrete in footings, per tower, cubic yards..............-. 3.80 
Number of towers secs os sos wvetave ot ove aors pins eieiie copie leteeie oxatavenatel ate etatetenateist 87 


Type 5AR, Suspension Type for Aluminum Conductors—for use at 
railroad crossings 


Designed for heavy loading (6 pound wind on wires covered with !/3 inch of ice): 
1. Normal level span of 1,376 feet. 
2. Two broken conductors or one broken ground wire. 


Weight of constant portion of tower with standard legs, pounds......... 13,625 
Weight of steel in concrete footings, per tower, pounds.......... Be iets trees 
Quantity of concrete in footings, per tower, cubic yard.............. ssl 4592 
Number Of towers sis <s'd.svepeenaie oo isiess ears wid v © Scevelsiatel ere eral snare vejeletere BOO ac 12 


Type 5AD, Anchor Tower 


Designed for light loading (8 pound wind at 25° F.): 

1. Span of 1,500 feet, 39° angle in line and no wires broken. 

2. Span of 1,700 feet, 39° angle in line, one conductor and one ground wire 
broken on one side of tower. 

3. Span of 1,500 feet for wind and 5,700 feet for vertical loading, 17° angle in 
line and all wires broken on one side of tower. 

4. Span of 1,500 feet for wind and 5,700 feet for vertical loading, 17° angle in 
line, and on one side of tower all wires broken, on other side of tower one 
outside conductor and one ground wire broken. 


Weight of constant portion of tower with standard legs, pounds......... 14,836 
Weight of steel in concrete footings, per tower, pounds................. 2,112 
Quantity of concrete in footings, per tower, cubic yards................ 8.52 
Number of towers: cc. aerecien sloteieale siete ealete Srieee re ane ene nee ee ea 37 


Type SAH, Suspension Tower, Extra Insulation 


Designed for light loading (8 pound wind at 25° F.): 
1. Normal level span of 1,370 feet with an angle in the line of 2° 40’. 
2. Maximum span of 1,940 feet with no angle in the line. 
3. One broken conductor or one broken ground wire. 


Weight of constant portion of tower with standard legs, pounds......... 10,682 
Weight of steel in concrete footings, per tower, pounds................. 816 
Quantity of concrete in footings, per tower, cubic yards................ 3.28 
Number’ of towers: a/..<e/sre ese, accapstorneene wine aie RG eee 68 
Niumber‘of towers) with pile footings sss eeem ee aren eee eee 24 


All towers designed to withstand a wind pressure of 13 pounds per square foot 
on 11/) times the projected area of each tower face. 
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TOWERS 
Suspen- Dead 

; ; sion End 
Weight of constant portion of tower with standard legs, 

pounds hehehe 5 Sie) csada|tis os aie wvolousiciaicveliels o¥e/ elon ceoeetonsr crete reteme 11,050 16,260 
Weight of steel in concrete footings, pounds............... 788 2,112 
Quantity of concrete in footings, cubic yards.............. 2.92 8.52 
Number'of towers stem ciclie oh on ae eee vai ; 6 
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Discussion 


R. W. Sorensen (California Institute of 
Technology and Board of Consulting Engi- 
neers for The Metropolitan Water District 
of Southern California): Mr. Gaylord’s 
paper, so ably presented by Mr, Peabody, 
sums up a most unique and gargantuan proj- 
ect; namely, that of lifting a river of no 
mean size over 1,600 feet in an upward direc- 
tion in order that the water of this river 
might flow steadily from the Colorado River 
along a 300-mile course to Southern Cali- 
fornia. 

At first glance, one may say why are elec- 
trical engineers so much interested in a 
pumping system? But after all, such a 
system is made possible only by the avail- 
ability of a perfectly enormous amount of 
electric power, over 300,000 kilowatts or 
one-third the firm power developed at 
Boulder Dam. Because Mr. Peabody has 
had a large part in the development of the 
pumps, and because the unique improve- 
ments made therein by research work are 
so striking and important, he has perhaps 
left in your minds the idea that the electrical 
features of this great project may have been 
somewhat secondary. Such, however, is 
not the case. Many factors of importance, 
such as the almost unparalleled management 
of the general manager and chief engineer, 
Dr. Frank E. Weymouth, and the work of 
the many engineers who have carried on the 
details, as well as the wholly voluntary and 
extraordinary services of the Board of 
Directors—have all contributed to an ac- 
complishment, almost complete, of hereto- 
fore unprecedented dimensions. For ex- 
ample, this enormous project, costing $220,- 
000,000 is being completed inside the origi- 
nal bond issue. This feature is due to care- 
ful analysis of problems of which we may 
take the transmission line as an example. 

A study of the materials used in that line, 
as given in the paper, shows that high- 
quality work has been done throughout, but 
that no overconstruction has been used. 
For example, the line is built to have a few 
outages per year; because such outages do 
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no particular harm, they simply result in 
stopping the flow of water for a short time, 
which for many years will be immaterial. 
Thus we find the cost of line necessary to be 
only about $9,500 a mile, which is indeed a 
low price for a 230-kv line. Speaking of 
transmission lines, may I say that in plan- 
ning these lines some exceedingly interesting 
problems were encountered. 

Before any construction could be started 
a desert had to be made habitable. In 
order to do this electric power for construc- 
tion purposes was provided throughout 
the length of the aqueduct by running a 
69,000-volt line from Colton to the Colorado 
River, a distance of about 250 miles. Those 
of you who are interested in transmission 
lines can readily appreciate the problems 
pertaining to stability and other features 
involved in such a line. Like problems are, 
of course, encountered in the 230-kv line 
installed permanently for pumping, because 
it is quite evident that one cannot design 
a line by simple rule-of-thumb methods and 
expect that line to perform satisfactorily 
when the huge motors used are started unless 
special consideration is given to motors, gen- 
erators, and line so all factors will work to- 
gether for such extreme conditions. 

I have enjoyed greatly my contact with 
Mr. Gaylord and the rest of the staff of The 
Metropolitan Water District of Southern 
California, because it has been a pleasure to 
help them analyze with great care each order 
for machinery, transmission-line conductor, 
insulators, etc., in a way which would assure 
for every part of the job the best possible 
solution at the lowest cost consistent with 
the kind of construction needed. Nearly 
all of the equipment described is now in- 
stalled. In a few months operation will 
start and, after a reasonable time has 
elapsed, I expect Mr. Gaylord or some of his 
staff will be able to present a most interest- 
ing paper on the electrical operation of the 
system. 

In the meantime I think the report made 
in the paper concerning this particular type 
of application of electric energy is a record 
worthy of attention as an example of how 
dependent we are upon electrical power 
transmission for, without that possibility, 
the Colorado River Aqueduct of the Metro- 
politan Water District would have been 
much more difficult to construct and oper- 
ate—if not wholly impossible. 
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Narrow-Band Transmission System for 


Animated Line Images 


By A. M. SKELLETT 


NONMEMBER AIEE 


Synopsis: A method of transmission and 
reproduction of line images is described 
which utilizes a cathode-ray tube for re- 
production, the spot of which is made to 
trace out the line image 20 or more times 
a second. In an experimental test, a 
drawing of a woman’s head was repro- 
duced with an equivalent total band width 
of approximately 2,600 cycles. This was 
made up of two bands, each 1,300 cycles 
wide for the potentials to the two sets of 
cathode-ray deflector plates. Analysis of 
a more complex image, such as that of an 
animated cartoon shows that such material 
could be transmitted and reproduced by 
this method within a total band width of 
10,000 cycles. 

Means are described for transcribing 
from drawing or animated cartoon film 
into recordings (similar to sound record- 
ings) from which the potentials for trans- 
mission and subsequent operation of the 
cathode-ray tube may be obtained. 


T IS inherent in the systems of tele- 

vision on which work is being most ac- 
tively pursued, that high definition must 
at all times be realized, no matter how 
simple the transmitted image may be. 
Yet many useful images do not contain a 
great amount of detail and in sending 
them large blank areas on the available 
field will be wastefully transmitted. A 
line drawing or an animated cartoon is an 
example of such a simple image. If it 
were possible to transmit the figure and 
line background, without the blank areas, 
a great simplification would occur. The 
system proposed herein was designed to 
take advantage of this fact. 


By the application of proper potentials 
the bright spot of a cathode-ray tube may 
be made to traverse any path desired. 
Furthermore, if the spot is made to follow 
a certain path, such as that shown in 
figure 1, over and over, 20 or more times a 
second, this trace will produce on the end 
of the tube a stationary image as in figure 
9 


Two potentials, each varying with 
time, are needed properly to actuate the 
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spot. They are applied, the one across 
the horizontal and the other across the 
vertical set of plates of the cathode-ray 
tube. They are directly proportional, 
respectively, to the « and y co-ordinates 
of the points of the figure (for example, 
points 1, 2, 3, etc., of figure 1) taken along 
the path of the spot in the direction in 


Resolution of a simple image 
Total band needed for 
2,000 cycles 


Figure 1. 
into a single line. 
transmission: 


which it moves. These potentials for the 
image of figure 1 are shown in graph form 
in figure 3. 


Experimental Apparatus 


The reproduction of figure 1 shown in 
figure 2 was obtained as follows: The x 
and y co-ordinates were plotted in polar 
co-ordinate form [r = (a + x) or (6 + y), 
6 = t] in concentric tracks one inch wide 
on a cardboard disk 12 inches in diameter. 
The area under each curve, that is, be- 
tween the x curve and 7 = a and between 
the y curve and r = b, was then black- 
ened, and a negative photostat made of it. 
See figure 4. This disk was mounted on 
the shaft of a variable-speed motor so 
that it could be rotated 20 times a second 
or more and brightly illuminated. 

A lens and a radially oriented slit were 
arranged in such a manner that a portion 
of the image of the x track fell across the 
slit. Behind it a photoelectric cell re- 
ceived the illumination passing through 
the slit. Thus the output of the photo- 
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cell was directly proportional to the x co- 
ordinate at each instant of time. A 
similar setup, mounted alongside, gave 
potentials proportional to the y co- 
ordinates. — 

These two potentials were amplified 
through separate identical amplifiers and 
sent over two pairs of wires to the cath- 
ode-ray tube. 

The method just described of recording 
the X and Y potential tracks on a disk is 
suitable for a single drawing but not for 
animated drawings. 
on a long ribbon or film is more practi- 
cable. 

A device which transcribes from draw- 
ings into X and Y potential tracks is 
called a “‘transcriber’’ and the apparatus 
for obtaining these potentials from the 
recorded tracks is called the ‘‘converter.”’ 
In figure 5 the complete process from 
image to image is shown in schematic 
form, the recordings in this case being on 
film. 


Band Width 


For the simplest type of image in which 
the drawing may be resolved into a single 
unbroken line, for example, figure 1, the 
total frequency spectrum or band width 


Figure 2. Photograph of an image reproduced 

by the first experimental setup. The chief 

differences between this image and that of 

figure 1 (from which the recorded tracks were 

obtained) were traced to errors in the re- 
cording 


needed will consist of the sum of the band 
widths needed to transmit accurately the 
X and Y potentials. These may be as- 
sumed to be equal. 
then be determined by the analysis of the 
X (or Y) potential variations of a single 
trace by means of harmonic analysis. 

The magnitude of this potential E may 
be expressed as a function of time by a 
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The band width may © 


—r. a ee 


For these a record | 


a 


Fourier equation with a sufficient number 
of terms. 


1 
fi CJ 
E ~ 1 fea > An sin(@+ $n) (1) 
0 
: n=1 ; 


: Here f; is the fundamental or trace fre- 
quency (about 20 per second) and A, and 
¢, are the amplitude and phase angle of 
the nth harmonic. 

For any drawing the problem becomes 
that of determining the highest value of 
n needed for satisfactory reproduction. 
The band width will be that included 
between f; and the frequency of this mth 
component. The band-width will vary 
with f; for equal fidelity of reproduction. 
For instance if f; is increased to 30, then 
exactly the same image will be obtained 
with a band width from 30 to 3,000 cycles 
as would be realized with one from 20 to 
2,000 cycles. 

In general the two kinds of detail which 
will suffer most apparently by the elimi- 
nation of higher order terms are straight 
portions and sharp bends. The over-all 
shape and form of the image and the 
larger details are dependent on the lower 
frequencies in the bands. These fre- 
quencies are therefore the most important 


X POTENTIALS 


VOLTAGE (Ex) 


Y POTENTIALS 


VOLTAGE (Ey 


° 10 20 30 40 50 
TIME — MILLISECONDS 


Figure 3. Potential variations needed to 
reproduce figure 1 on cathode-ray tube 


Figure 4. X and Y potential tracks used in 
reproducing figure 3 
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Figure 5. Schematic diagram of complete 
apparatus 
ones. If the bands include enough 


harmonics to reproduce small details, 
even in approximate form, the larger 
details and general form will be repro- 
duced with good fidelity. Thus the band 
width is largely determined by the fidelity 
of small detail desired. 

Suppose we pick out the smallest de- 
tail, in the form of a sharp bend or kink 
in the curve of a potential function and 
attempt to determine the minimum fre- 
quency needed to reproduce it in ap- 
proximate form. A little experience in 
harmonic analysis of typical forms will 
enable one to determine this frequency 
by inspection. Generally speaking it will 
be that frequency the sine wave of which 
can be made to fit most closely the general 
shape of the detail. For instance, for a 
sharp corner, the shape of the wave will 
determine the curvature that the corner 
will have when it is reproduced. If the 
band width extends up to and includes 
this frequency the detail in the image 
which gave rise to that in the potential 
curve will, in general, be reproduced in 
approximate form. The band width 
determined in this manner may, there- 
fore, be taken as that necessary for satis- 
factory reproduction. 

A rough check was obtained on the 
adequacy of this approximate method of 
analysis by equivalently narrowing the 
band width of the apparatus used in the 
reproduction of figure 2. The total band 
width determined as above for this figure 
was 2,000 cycles (1,000 cycles for each 
band). The bands passed by the ampli- 
fiers were equivalently reduced to 1,300 
cycles each by speeding up the converter 
and no marked change in the image oc- 
curred. 


Dark Paths 


For all but the simplest of figures it 
will be necessary for the spot to traverse 
paths in the field along which the spot 
must not be visible. There are two 
methods of accomplishing this: (1) the 
beam can simply be cut off by a negative 
potential applied on the modulating 
cylinder as the spot passes over such dark 
paths or (2) it may be made to traverse 
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Figure 6. Typical wave forms generated in 
turning the spot on or off 


them so quickly that the visibility of the 
trace is negligible. 

For the first method an additional 
signal channel is needed and if its band 
width is made equal to that of the X or 
Y potential channels, the spot may be 
turned on or off in an amount of time 
somewhat less than that required to 
trace out the finest detail. The wave 
form would have the general form shown 
in figure 6a and the highest frequency f, 
would be given by 


1 
Ine (2) 


2 At 

For the second method, that is, that of 
speeding up the spot over dark paths, 
the wave form required will be in the 
simplest case similar to that shown be- 
tween m and n in figure 60. The sharp- 
ness of the corners at m and 7 is deter- 
mined by the upper frequency limit of 
the system. 

Actually this method requires that 
either or both the X and Y potentials 
suddenly change in value so that the 
spot will abruptly jump across the dark 
path at such a speed that it is not visible. 
In figure 2, the velocity of the spot was 
deliberately increased by a factor of 5 in 
tracing the line across the neck. A 
velocity at least twice as great as this is 
required to make the trace effectively 
invisible. 

Thus it appears that this latter method 
is to be preferred in general since it re- 
quires no increase in band width and no 
extra channel with its extra facilities. 

A cartoon of Walt Disney’s popular 
figure was chosen for determining the 
frequency band required to reproduce a 
sketch of considerable complexity. This 
was resolved into one continuous line 
such as would be followed by the cathode- 
ray spot for reproduction. This repro- 
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duction would look like figure 7. Parts 
of the line are over dark paths which are 
not shown. Assuming that the second 
method of taking care of these dark 
paths were used and applying the method 
of analysis described in the preceding, 
the total band width necessary for satis- 
factory reproduction of this image was 
judged to be 10,000 cycles. This total 
is made up of 5,000 cycles each for the X 
and Y potentials. 

In the transmission of writing or script, 
a total band of 10,000 cycles is judged 
adequate for about seven words of 
average length. The total band for 
script is proportional to the total number 
of letters and spaces or to the number of 
words of average length. 


The Centering Coefficient 


The first term of the series of equation 
1 is of importance in centering the image 
in the field. It is 


1 


fi 


hf za 
0 


This is simply the total area of the curve 
over one cycle of period 1/f; divided by 
the base line 1/f;. It thus represents the 
mean distance of the curve from the zero 


Figure 7. Total band needed for transmission 

of this image is 10,000 cycles wide. The 

spot will move one-half as fast over the figure 
as it does over the background 


axis. If eliminated, the shape of the 
curve and hence also of the image would 
not be altered, but the centering of the 
image would vary as the figures moved 
around in the field. As an example of the 
effect of this, suppose that the image 
consisted of a central figure of some com- 
plexity and a very simple background. 
Then if the figure started to walk from 
the center to the side of the field, the 
absence of the transmission of this com- 
ponent would hold the figure near the 
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Figure 8. One form of transcriber 


STYLUS 


GROUND 
GLASS 


¢ 


PROJECTOR 


center and the background would slide 
away in the opposite direction. 

Ordinarily this component would be 
eliminated by the apparatus since it 
gives rise mainly to a direct current. It 
presents a similar problem in television 
where it determines the general bright- 
ness of the background. Several schemes 
have been devised to reintroduce or to 
compensate for it in television and some 
of these might be used here also. If the 
image frequencies are used to modulate 
a carrier, the band may be made to ex- 
tend to zero on the low-frequency end 
and this component will then be included 
in the transmission. The particular 
method used will depend on the trans- 
mission system. 


The Transcription Process 


In order to get the X and Y potential 
recordings, some means of transcribing 
the original drawings or images into 
these potential recordings is needed. 
The simplest method at present seems 
to be one in which a stylus is manually 
made to follow the lines of the drawing. 
This stylus would be coupled up mechani- 
cally or electrically with suitable ap- 
paratus whose function would be to 
record simultaneously on film or other 
media, two tracks, the amplitudes of 
which would be proportional, respec- 
tively, to the X and Y co-ordinates of 
the various positions of the stylus. Such 
a machine is shown in simplified form in 
figure 8. It is arranged to transcribe 
directly from the film of an animated 
cartoon. The projector throws onto the 
ground glass one frame of the film at a 
time, and the stylus is moved by the 
operator over the lines of the image. 
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The principle of the converter which 
transfers the variations of the film track 
into varying potentials to be impressed 
upon the cathode-ray tube is essentially 
that of the sound-pickup apparatus used 
in motion-picture work. Two similar 
pickup equipments are needed, one for 
the X and one for the Y potential track. 
If there is a sound track to accompany 
the cartoon, a third equipment will be 
needed for it. The standard speed of 
90 feet per minute for the film is adequate 
since with the usual types of pickup this 
allows a band width of about 6,000 
cycles. 


Applications 


In urban districts the 10,000 cycles 
needed to transmit a figure of the com- 
plexity of figure 7 could be handled over 
a single special telephone line. Some 
equalization would probably be required 
for the longer circuits which could either 
be applied to the line facilities or in- 
corporated in the reproducing equipment. 
For long-distance transmission two cir- 
cuits of at least program-transmission 
grade, which are now equalized to 5,000 
cycles, would be required, one for the X 
and one for the Y potentials. Depending 
upon the degree of definition desired in 
the reproduced image, circuits of this 
type might require some supplemental 
delay equalization. 

The following are exemplary of the 
types of image transmission which are 
capable of transmission by this method: 


1. Drawings, diagrams, and maps either 
with or without animation, animated car- 
toons, etce., of purely commercial value. 
These might include animated drawings 
depicting the working of new equipment, 
fashion sketches, etc. 


2. Script, including signatures and foreign- 
language characters, which could not readily 
be handled by ordinary existing communi- 
cation facilities. 


3. Sketches, primarily of news value. 
These would include drawings of famous 
people, places, ceremonies, fashions, and 
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Similitude of Critical Conditions in 


Ferroresonant Circuits 


By WILLIAM T. THOMSON 


ASSOCIATE AIEE 


ECENTLY a number of articles 
dealing with the critical conditions 
in ferroresonant circuits has appeared. 
However, no simple generalization is pos- 
sible from these previous methods. The 
generalization presented in this paper of- 
fers certain information pertaining to 
similitudes of circuits in a surprisingly 
simple manner. Knowing the critical 
stable conditions for one reactor, the prin- 
ciple of similitude enables the predeter- 
mination of the critical stable conditions 
for any other reactor using the same grade 
of iron. 


Equation for Critical Conditions 


The circuit referred to in this investi- 
gation is one containing a resistance, a 
condenser, and a saturable-core reactor 
as shown in figure 1. Assuming that the 
applied voltage can be resolved into the 
in-phase and quadrature components, 
the following vector relation holds: 


Et = Ex*+ Ex? (1) 

where 

E = applied voltage 

Fx = (Exx — Ec) = reactive voltage 

Ep = (Exe + Ero) = in-phase voltage 

Er;x = reactive component of the reactor 
voltage 

Expr = in-phase component of the reactor 
voltage 


The critical conditions are defined as 
points on the volt-ampere curve where 


ee SE ae 
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sketches made by an artist at the location 
of a news event stich as a trial, football 
game, etc. This last would require a tran- 
scriber somewhat different from those 
described above in that it would have to 
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dE/di = 0. Since dE/d () also equals 


zero for these points, 


dE dEx LE 
2B ——< = 2Ex —7—< + 2Ep Bon 

d\ — etc mt 

F) 2(F) GF) 
or 

dEx dEpR 


Ey —~=- eorsiet 
Gy Gg 
l l 


For the unstable condition the above 
relation is satisfied by two values of cur- 
rent or ampere-turns per inch, while for 


Xe 
Ew XL 
Rt 
Ro 
Figure 1. Ferroresonant series circuit 


the critical stable condition the two values 
of ampere-turns per inch approach a single 
value. 


The Generalized Equations 


It now becomes necessary to express 
Ex and E, in general terms. For sim- 
plicity the following assumptions will be 
made: 


Er = (3) 
nN 
2 
E,x = qe - (*) (4) 
UY 
where 


W = iron losses of the reactor with sine 
wave of impressed voltage 

i; = root-mean-square value of the funda- 
mental current. 


convert the motion of the artist’s stylus 
immediately into the proper pulsating 
potentials for sending the image simul- 
taneously with the drawing Ofaitemeanere 
are several possible means of doing this. 
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Since the reactive component of the 
reactor voltage is proportional to the 
maximum flux density, which in turn is 
a function of the ampere-turns per inch, 


E,x = 4yfnABmaz X 1078 


= nAB (5) 
where 
a 5 nt 
B = 4yfBmaz X 1078 = a function of (2) 
n = number of turns on the reactor 
A = cross section area of the core 
y = form factor 


The in-phase component of the reactor 
voltage is generalized as follows. 


(ay Gl 
Err =A (+ NE 
l 
(Gl 
= nAxp Dee 
nt 
(«Gf 
l 
= nAa (6) 
where 
p = density of iron used 
W ; 
7 = watts per pound = a function of 
, nt 
Bmaz therefore a function of (“*) 
K Erle ratio of the fundamental to 


¢ effective current 


Since 6 and @ are single curves for any 
given iron when plotted against the am- 
pere-turns per inch, the two component 
voltages of the reactor are completely 
generalized. The values of 6 and a may 
be obtained experimentally by dividing 
E,x and E;,,z as found from (3) and (4) 
by nA of the reactor; however, these 
curves are not necessary for the solution 
of the critical stable condition. 

It is now possible to express Ey and 
E, as follows: 


Ex = nAB — (*) ae (7) 
Ld (3% 
e) 
Ep, = nAa + (“*) Ro (8) 


(") 


where Ry = series resistance of the cir- 


TRANSACTIONS 127 


cuit. Substituting into equation (2) 


Dividing through by (7A)? 


nu Xo 
B-\— 
1) (wa |) x 


l 
da Ro 
i(#)+ mA )> (9) 
l L 


Equation (9) is the generalized equation 
for the critical conditions of the circuit. 


In this 6, «, d@/d (=) and da/d (=) 


have a definite value for any given value 
of (=), regardless of the reactor used; 


therefore the solution of equation (9) 
2 
will depend only on the values of X¢ / fe 
y, n?A / l 
and Ry / —. 
ant 


By substituting (7) and (8) in equation 
(1), the generalized expression for the 
voltage becomes 


Ja, NE ON lie 
(10) 


The Principle of 
Similitude of Circuits 


From equations (9) and (10) it is pos- 
sible to draw certain conclusions, The 
following apply to the critical stable con- 
dition: 


1. Two different circuits with equal values of 


2 
Xo / Avi have equal values of Ro [Pe 
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and the ampere-turns per inch for the critical 
stable condition will be equal. 


2. For the case above the values of E/nA 
for the two circuits will be equal. 


3. Since the values of n, A, and / are gen- 
erally known for any reactor, it is possible 
to predetermine the critical stable values of 
Xc, Ro, 1, and E for any reactor by a very 
simple process. 


nA 
4. The critical values of Ro fA, E/nA, 


7 2 
and = when plotted against X_/™A are 


a function only of the type of iron used. 
(See figure 4.) 


5. From the four generalized terms above 
it is seen that the vector voltage triangles 
for two similar circuits will be similar; 
therefore with equal ampere-turns per inch 
as found under similar conditions the wave 
shapes of the voltage across the reactors as 
well as that of the current will be equal. It 
is then possible to state that under similar 
conditions in two reactors with the same 
grade of iron, each unit volume of iron goes 
through the same cycle wave shape and all. 


Illustrative Example 


The following example will illustrate 
the simplicity of this method: 


PROBLEM 1 


Reactor 1 has the following dimensions: 


24 
a 0 a = 45,700 
A = 2.62squareinches nA = 1,360 
t= 15:5 inches a = 33.5 


When operated in a series circuit with X C 
= 272 ohms, it gave the following values for 
the critical stable condition (see figure 2): 


Ro = 145 ohms 

Jd, = Bey 

oe = (aw 

What will be the corresponding critical 


stable values for reactor 2 with the following 
dimensions? 


nA 

Ge ee ae ee 
A = 1.72 nd OS TGaE 
L = 12.25 i = 987 
SOLUTION 

Xo Hes 

mA | =| nA 

ay POP 

272 Seas 
45,700 17,400 °° + = 104 ohms 
Bo Ro 

nA =| n?4 

l , iy 

145 fone 
45,700 ~~ “17, 400 see Ro» =55.lohms 


Exp. value = 53 ohms 
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Ga) tha) 


224 Ey 
605 Exp, 


Gla ie) 


33.5 X 0.52 = 28.7 X t 


2 99.5 volts 
value = 100 volts 


. t2 = 0.607 ampere 
Exp. value = 0.61 ampere 


This procedure is repeated for other 
values of X,. The dotted curves of figure 
3 shows the critical stable values for re- 
actor 2 predetermined from the experi- 
mental values of reactor 1. The dis- 
crepancies are due mainly to differences 
in the flux leakages of the two reactors. 


The Generalized Curves 


The critical stable condition for any 
series circuit can be generalized in terms 


2 2 ; 
of Xe / A, Ry / A, E/nA, and = 
Figure 4 calculated from four different 
reactors indicates good agreement with 
the theory. The tabulated values for 
the curves are given in table I. 

From such a curve it is possible to de- 


termine the critical stable values for any 
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Figure 2. Critical stable values for reactor 1 


reactor almost immediately. To illustrate 
its use a typical problem will be taken. 


PROBLEM 2 


It is desired to design a voltage-sensitive 
circuit with a critical stable voltage of 200 
volts and a critical stable current of 0.6 
ampere. 

This may be accomplished in a number of 
different ways. However, from the practical 
viewpoint the problem is fairly well limited. 
[nA 

‘Bites 
reactor dimensions and the condenser size 
can be determined. If these values are un- 
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Figure 3. Critical stable values for reactor 2 


: nA 
practical, another value of X¢ / th is 
chosen and the process repeated. 


2 
Starting with X¢ / = = 0.010 


= 1,470 


20 


1,470 
20 


Volume = Al = 73.5 cubic inches 


This would result in a bulky reactor; there- 


2 
fore, start with a smaller value of x, /* = 


For 


— -o-—PREDETERMINED CURVE FROM 
DATA OF REACTOR NO. | 


CIC) sree 
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Lona ca 


100, 0.25 5 
80}-0.20 4 
60+ 0.15 3 


A0FO.10++ 2 


20+-0.05 | 
OL 0 0 
0 2 
300 
200 
0.187 nA = —— = 1,070 
0.187 
AD) 
26.5 a es 
l 0.6 
1,070 
Al = —— = 24.2 
44.2 
cubic inches 
AAD 070 = 47,300 


0.004 X 47,300 = 190 ohms 
14 microfarads 
0.0023 X 47,300 = 109 ohms 


12 inches 
2.02 square inches 
530 turns 


These values are within the practical 
If a still smaller reactor is de- 


Xe range. 
—£ = 0.004 s) 
2 3 ° nN 
ee. sired, a smaller value of X¢ / — should 
l ety) 
Table |. Generalization of the Critical Stable Values 
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WN ERE wey 4 © Gai. OO, 104. .0.68....0.00535. .0.00287 nae) as he ay I nA = 605 
I = 12.25 187.. 68.. 78. .0.40..-.0.0107 ..0.00390 ..0.129..11.5 n = 98.7 
9792" 75.2 665.0).25,.2 4-0. 0L06 ,.0.00430 ..0.109.. 7.2 l eae 
wA _ 69,700 
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w= (04 187. .120 252. .0.68....0.00268. .0.00173 ..0.208. .39.0 gf = TWPAKG) 
Age eed net x 272. .164 .230..0.50....0.0039 ..0.00235 ..0.190. .28.7 5 
1 = 12.25 $55. .182 209. .0.40....0.0051 ..0.00261 ..0.173..23.0 i = 57.4 
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er ALLEGHENY DYNAMO GRADE IRON 


Figure 4. Generalized curves for the critical 
stable condition 


be chosen, the size of the core being 
limited by the space necessary for the 
coils. 


Equivalent Series Circuits 


The generalized treatment so far has 
dealt only with the series circuit. How- 
ever, the same principle can be used for 
other circuits by reducing them to the 
equivalent series circuit. 

One practical application of such a 
scheme is found in the design of the reso- 
nant relay circuits. By shunting a high- 
impedance relay across the condenser of 
the ferroresonant circuit, relays which 
normally release at half the closing volt- 
age can be made to open and close at the 
samme voltage when the circuit is tuned for 
the critical stable condition. 

In order to make use of the generalized 
chart it is now necessary to use the equiva- 
lent series reactance and resistance of 
the circuit. For a relay across the con- 
denser the equivalent series values re- 
duce to a capacity reactance of 


241 X¥)(Xp—xX 

a Ke r+ Xp(Xe : c) (11) 
re + (Xp — Xe)? 

and a resistance of 

R’ aa (12) 

~ "Va + (Xp — Xo)! 

where 

Xe = reactance of the condenser used 

t = resistance of the relay 

Xp = average reactance of the relay 

Conclusion 


The principle of similitude offers the 
simplest and the most practical solution 
for the critical conditions of the ferro- 
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resonant circuit. Some of the advantages 
over previous methods are: 


1. It is not necessary to know the volt- 
ampere curve of the reactor. 


2. The generalized curves giving the 
complete solution for the critical stable 
condition are easily determined from any 
test reactor using the same grade of iron. 


8. The principle of similitude presents a 
clear picture of the effect of varying the 
circuit parameters. 


Although the discussion in this paper 
dealt mainly with the critical stable con- 
dition, equations (9) and (10) also apply 
to the critical unstable condition. For 
this latter case there will be two values 


of @) and they will be completely 


24 
specified by the values of X¢ / -- and 
p, (ta 

(a) 7. i 3 
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Discussion 


W. B. Coulthard (Department of Me- 
chanical and Electrical Engineering, The 
University of British Columbia, Vancouver, 
Canada): Mr. Thomson makes a further 
interesting contribution on the ferroresonant 
circuit in predetermining the limits of stable 
conditions. However, in applying the prin- 
ciple of similitude to this circuit, care must 
be exercised. 

My criticisms of this method are as 
follows: 


1. The dimensions of the coils and cores must 
ensure proportionality between the leakage and 
iron flux. 


2. The impedance of the source of supply must be 
considered. It is well known that different points 
of instability are obtained when the voltage is 
varied by controlling the excitation of the alternator 
and when it is varied by induction regulator control. 
So to apply the principle of similitude, identical 
supply circuits must be specified. 


3. When reactance preponderates in the supply 
circuit, due to the phase shift the point of in- 
stability does not occur at the peak and dip of the 
EI characteristic but at some points beyond. In- 


stability is now no longer defined by ee = 0 but 
dE dI 
MY 
conditions it appears that the EI characteristic is 
no longer parallel to the current axis, but there 
is a slight bend between what are defined as the low- 
and high-circuit regions. In these circumstances 


- = 0 does not hold. 


= anegative quantity. Under critical stable 


W. T. Thomson: (1) In order to apply the 
principle of similitude to any physical 
problem, it is obvious that the two systems 
to be compared must be proportional in 
every way. The accuracy of predetermina- 
tion will therefore depend on the degree to 
which this requirement is satisfied. 

In ferroresonant circuits it would be im- 
practicable to attempt perfect propor- 
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tionality in design. However, one should 
insure similarity within a reasonable degree. 
For instance, if it is desired to use the EJ — 
type of core in the reactor, the test reactor 
from which the data must be taken, should 
have the same type of core. 


The core of the four reactors used to ob- 
tain the generalized curves of figure 4 are 
of the EI type, the a-c coils being placed on 
the outer legs. Figure 4 indicates that the 
accuracy obtained is sufficient for all prac- 
tical purposes, and the data should be ap- 
plicable with reasonable accuracy to other 
reactors of the EJ type. 


2. The critical points of the circuit vary 
with different wave forms of the applied 
voltage to a certain extent, and for accurate 
predetermination, the impedance of the 
source should be such that the wave forms 
are similar. For this investigation a 
“Variac” was used to insure a minimum of 
wave distortion. 

3. The critical stable condition was de- 
fined as the limiting condition of the equa- 
ti dE dE . 

ton je 0, and a equal to a negative 
quantity does not come under the case of 
critical stable operation. 

dE 

For the unstable condition aioe 0 will 
still be points of major interest regardless of 
whether they represent points of instability 


dE 
ornot. With a supply of good regulation Ta 


= 0, will represent limiting points of in- 
stability. 

In general by using reasonable care in 
insuring proportionality, the accuracy ob- 
tained will be sufficient for all practical 
purposes. It should also be pointed out 
that up to the present there has been no 
publication of any other method by which it 
is possible to predetermine accurately the 
critical points of ferroresonant circuits in a 
generalized manner. In articles dealing 
with ferroresonance, the problem has been 
turned around backwards, e.g., to calculate 
the critical points for a given circuit, while 
the information most desired is of the re- 
verse order; i.e., to be able to start from 
some specified critical point and design the 
circuit to give this performance. The infor- 
mation enabling this predetermination must 
necessarily be of the generalized order such 
as the one discussed in this article. 
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Symposium on Operation of the Boulder 


Dam Transmission Line—General 


Operation of Transmission Line 


By WM. S. PETERSON 


MEMBER AIEE 


Synopsis: The successful operating ex- 
perience had during the first 11/: years with 
the Boulder Dam-Los Angeles transmis- 
sion lines of the Department of Water and 
Power is reviewed in a symposium of five 
papers. Two unusually severe winter sea- 
sons and two lightning seasons, one of which 
was largely during the construction period, 
have served to test the line, so that an ac- 
curate judgment of its future performance 
can be made. An historical summary of 
the use of the line during permanent in- 
stallation and adjustment of auxiliary equip- 
ment and through the period of normal 
operation to the present time is presented. 
The manner in which the electrical and 
mechanical performance has proved the 
design is developed and the unforeseen 
problems requiring solution are described. 
In addition to this general discussion, the 
excellent performance of the conductor 
from the standpoint of corona, the out- 
standing freedom from lightning flashover, 
are shown in two separate papers. Two 
additional papers describe the carrier- 
current supervisory and communication 
systems and the relay protection system as 
well as fully discussing the experience had in 
placing this equipment in adjustment and 
having successful operation. 


HE Boulder Dam transmission line 

of the Department of Water and 
Power of the City of Los Angeles, has 
been in service since October 1936. By 
virtue of the vagaries of climate, the line 
has been called upon to withstand light- 
ning, wind, ice, and floods of unusual 
severity, subjecting the line to many of 
the extreme conditions for which it was 
designed, without having to wait the 
See 
Paper number 38-109, recommended by the AIEE 
committee on power transmission and distribution, 
and presented at the AIEE Pacific Coast conven- 
tion, Portland, Ore., August 9-12, 1938. Manu- 
script submitted May 14, 1938; made available for 
preprinting July 8, 1938. 
Wo. S. PETERSON is transmission system engineer, 
Bureau of Power and Light, Department of Water 
and Power, City of Los Angeles, Calif. 
1. For all numbered references, see list at end of 
paper. 
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usual long term of years for such condi- 
tions to occur. 


This circumstance makes it particu- 
larly appropriate to review the perform- 
ance of the line under such operating 
conditions, for a satisfactory judgment 
on its long-time performance can thus be 
made. To present this material together 
with any special or new problems that 
have required solution is the purpose of 
this symposium. It has been found ad- 
visable to present this material under 
several appropriate headings dealing 
with the mechanical and electrical char- 
acteristics of the line, corona, insulation 
and lightning protection, carrier-current 
equipment, and relay protection. Where 
the original description of certain features 
has not been given heretofore, as for 
carrier equipment and relays, they are in- 
cluded in these papers. 

This line, operating at 287.5 kv, con- 
sists of two circuits, each 266.5 miles long, 
carried on two single-circuit steel-tower 
lines, except for 40.5 miles carried on 
double-circuit towers near Los Angeles. 
It includes such unusual features as 1.4- 


Figure 1. Remains 
of double = circuit 
tower after flood 
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inch-diameter hollow copper conductor of 
the segmental type; special suspension 
clamps; high level of insulation provided 
by suspension insulator strings consisting 
of 24 ten-inch-diameter by five-inch- 
pitch porcelain units; two overhead 
ground wires, 30 to 40 feet above the 
conductors; two continuous buried 
ground wires or counterpoise wires per 
tower line, with interconnections be- 
tween tower lines where single-circuit 
construction is used. Two intermediate 
sectionalizing switching stations are lo- 
cated at one-third points known as Silver 
Lake and Victorville stations. Operating 
as part of the receiving end line sections 
are two banks of autotransformers re- 
ducing the voltage from 275 to 132 kv at 
Century receiving station (station B). 


The complete general description of 
the line and discussion of its various 
engineering features have been given in a 
paper entitled “Engineering Features of 
the Boulder Dam Transmission Line’”’ 
by E. F. Scattergood,! in which paper, as 
well as in a companion paper,? there 
was indicated the unusual and urgent 
necessity for this line to be built so as to 
achieve the utmost reliability. With 
this object in view, liberal safety factors 
were employed, in its mechanical and 
electrical design, and a new step in high 
voltage was taken, together with the use 
of the two intermediate sectionalizing 
stations so that it could carry its normal 
rated load of 240,000 kw delivered, with 
unimpaired stability when subjected to 
two phase to ground faults, removed by 
dropping a section of circuit, This op- 


erating capacity was taken as 80 per cent 
of the theoretical limit, which was cal- 
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culated without including all of the sys- 
tem of the Department and is therefore 
also conservative. Factors in obtaining 
this performance were. generators of 
liberal characteristics, and exceedingly 
rapid relays and circuit breakers, which 
would clear faults in approximately 0.1 
second or less. The line has an emer- 
gency capacity of 300,000 kw delivered, 
a limit imposed by generator capacity. 

The reliability that was built into the 
system was of outstanding importance 
when the system went into service. The 
necessity of making a frequency change 
cut-over from 50 to 60 cycles at the same 
time as the line was inaugurated, made 
the demand for its use so great that 
essentially the only test the new Boulder 
system received was the test of service. 
The very instant that the first Boulder 
power house generator was available, the 
transmission system went into service 
and has continued to give the type of per- 
formance anticipated, despite the extreme 
mechanical loading imposed by a winter 
remarkable for the worst cold, snow, sleet, 
and wind recorded during the history of 
the local weather bureau; followed, a year 
later, by the thorough test on line location 
and structural strength, given by a winter 
having the most severe floods within over 
50 years. 


Preliminary Use of Line 


The first application of normal voltage 
to a section of the line occurred on Sep- 
tember 20, 1936, when a 90-mile section 
of one circuit from Los Angeles Century 
receiving station to Victorville switching 
station, was excited from the receiving 
end. This use of the line was made in 
connection with testing out and develop- 
ing a neon-tube tower light obtaining its 
power from capacitive coupling with the 
line conductors. 

The characteristics of the available 
equipment and transmission lines in- 
cluded in the circuit, and the resultant 
charging-current effects, made it im- 
possible to build up voltage slowly on the 
new line, so that on closing the circuit 
breaker, the voltage immediately came 
up to normal. The charging kilovolt- 
amperes was 28,600 as predicted from 
the calculation of line and transformer 
constants. No difficulty was experienced 
with the line or the various circuit break- 
ers and disconnects which were tested at 
the same time. 


Frequency-Change Considerations 


A consideration of consumer’s interests 
had indicated the desirability of changing 
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the frequency on the Bureau of Power 
and Light system from 50 cycles to the 
60-cycle standard used throughout the 
country. The bringing in of a relatively 
large new source of power made it de- 
sirable and economical to make the 
change-over when such power was avail- 
able. Early estimates of generator avail- 
ability had indicated that the frequency 
change could start in April 1936, and an 
organization was built up on that basis. 
Delays from that date were costly but 
necessary. 

As the first Boulder generator unit did 
not finally become reliably available until 
October 22 and the second generator not 
until November 14, it becomes evident 
that the transmission system had to go 
into effective operation immediately as 
the generators became available. 


Operation for Inauguration 


In accordance with anticipated avail- 
ability of generator units, appropriate 
ceremonies pertaining to the arrival of 
Boulder Dam power in Los Angeles were 
set for October 9, 1936. Broadcasting 
and other program arrangements re- 
quired adherence to this date. From 
the engineering standpoint this inau- 
gural use of the line was important be- 
cause it was the original tryout. Due to 
the co-operation of the government and 
the manufacturer, a generator was made 
available for that event, although it was 
not in condition to be released for regular 
service until nearly two weeks later. 

Temporary arrangements of relay 
equipment and carrier telephone equip- 
ment were installed. Both power cir- 
cuits were available but only one was used 
in order to avoid self-excitation of the 
generator. 


The program included the use of a large 
arc to announce the arrival of Boulder 
power. Line and system arrangements 
were such that power from Boulder Dam 
would come over the south circuit, and 
thence through various system con- 
nections and series reactance to a 2,300- 
volt feeder to a downtown location, 
where arrangements were provided at the 
top of 70-foot poles for producing an arc 
between three-inch-diameter electrodes, 
arranged vertically, and separated ap- 
proximately three feet. At the are the 
voltage was approximately 1,000 volts, 
the current was 500 amperes, and the 
power consumed was 500 kw. 

At 2:081/5 p.m. October 9, the line was 
energized to the receiving station at low 
voltage and reduced frequency. No 
synchronous condensers were in use. 
Within three-quarters of an hour, the 
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speed had been brought up to normal and 


the voltage on the generators was 75 per — 


cent of normal in order to produce nor- 
mal voltage at the receiving end. The 
charging kilovolt-amperes was approxi- 
mately 75,000 which was quite close to 
the calculated value for lines and trans- 
formers. 

This was the first full-speed operation 
of the unit, and a generator bearing began 
to run hot, so it was necessary to run at 
reduced speed and voltage from 3 p.m. 


until required to bring conditions back . 


to normal in advance of striking the 
large arc at 7:41 p.m. 


Other than the difficulty with the | 


generator bearing, no other trouble was 
experienced in this first test and use of 
the complete line. 


Further Installation 
and Test Work 


During the following two weeks the 
relay and carrier telephone installation 
work was completed and initial adjust- 
ments made. Changes in the generator 
bearing to increase the flow of oil, over- 
speed tests, and installation and initial 
adjustments of the generator and trans- 
former differential relay system and 
other auxiliaries were made. The in- 
stallation of carrier-current supervisory- 
control system was under way, but was 
not completed until a later date. 

During the relay installation, the line 
was charged on several instances for ad- 
justment of potential devices used in con- 
nection with the relay system. No diffi- 
culties were encountered. It was antici- 
pated that further test and observation 
and adjustment of the relay system would 
have to be made during operation. Final 
adjustments of the telephone system 
could best be made with the line in op- 
eration, so that suitable adjustments of 
input with respect to the noise level could 
be made. 


Commercial Operation 


Actual use of the line for regular power 
service began at 7:05 a.m., October 22, 
1936, using the south circuit and one 
generator. Low head in the reservoir 
limited the generator output to approxi- 
mately 50,000 kw at full gate. With 
loads as low as this, it was possible to 
take the line out of service between mid- 


night and morning whenever desired for. 


adjustment or installation of auxiliary 
equipment. At the switching stations 
such work involved permanent installa- 
tion and adjustment of relay equipment 
and carrier-current telephone equipment. 
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Adjustment of pallet switches and other 
small elements of control were made. 
The installation work pertained princi- 
pally to the supervisory control equip- 
ment. The line patrolmen took advantage 
t of such opportunities to take out line sec- 
tions to replace some insulator units 
slightly damaged by bullets or in course 
_of construction work, and make any other 
} corrections to hardware revealed as neces- 
sary by the careful inspection which 
was being made. 

_ The second generator, unit N-4, be- 
came available December 28. Both units 
were put into service immediately at full 


} 
{ 


output with the available head. The 
bringing in of these units at this time 
was particularly important in avoiding 
delay in the program of frequency chang- 
ing under way. The Boulder Dam sys- 
_ tem was depended on, and used as a fully 
dependable system during this exacting 
time, when keeping adequate reserve for 
two frequencies was a major problem. 


It may be said that these early months 
of operation constituted the test period 
for all of this relay, supervisory control, 
and communication equipment. Obser- 
vations and tests have been continued to 
serve as a guide in the proper adjustment 
of the carrier current equipment and 
point the way to minor changes of de- 
sign that may be necessary in any of the 
elements of the equipment, to meet the 
requirements, set by the Department, to 

- operate under certain defined unusual 
circumstances. 


By the end of the year 1936 the fre- 

_ quency-change work had been essentially 
completed, and the system was proceeding 
on anormal basis. The fourth generator 
became available March 18, 1937. In 
general the plant has been loaded up to 
the limitations imposed by low head until 
after the runoff of 1937. Since then, the 
maximum load has been essentially lim- 
ited by the defined rated operating ca- 
pacity of the transmission system. Since 
the Department acquired the system of 
the Los Angeles Gas and Electric Cor- 
poration on February 1, 1937, it became 
desirable from the standpoint of econ- 
omy to load the Boulder system as much 
as possible and use the acquired steam 
plants for standby. The rapid growth 
of load on the Boulder system is indi- 
cated in table I, showing the kilowatt- 
hours per month supplied to the low-volt- 
age side of the step-up transformers, the 
monthly peak output of the main gen- 
erators in kilowatts, and load factor. 
In addition the average monthly effi- 
ciency of transmission is given. This 
figure includes losses in the step-up trans- 
formers, line, autotransformers, and syn- 
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chronous condensers. One other trans- 
formation from 132 kv to the 33-kv load 
bus is not included. 

During this period of operation, the 
personnel have had to acquaint them- 
selves; with new types of intricate con- 
trol equipment, a large and complicated 
generating plant, a new line arrangement 
at switching stations, and a line of un- 
usual characteristics and length, and 
continue operation while extensive in- 
stallation and test work was going on 
with such equipment. Under the con- 
ditions it is remarkable and the operating 
group are to be commended on the fact, 
that a large number of interruptions did 
not occur from the human element. The 
operation of the line has been exceedingly 
reliable and satisfactory. There was a 
period of ten months operation absolutely 
free from interruption due to any cause. 

Of the five interruptions that have 
occurred, four have involved the human 
element as well as the control equipment, 
so that it cannot be stated beyond all 
doubt wherein the failure occurred. Such 
interruptions occurred during operating 
procedure. The other interruption was 
caused by a flood undermining a tower 
and causing relay action which took 
place correctly. A brief description of 
each of these cases will be given. 


Interruptions 


The first interruption was of very minor 
importance and occurred at 6:21 a.m., 
December 15, 1936, during the process 
of putting the north line back in service 
after being out on a clearance. The 
north line was energized for the complete 
length and had been placed in parallel 


at Silver Lake and at Boulder. While 
closing the parallel at Victorville, some 
faulty action of undetermined origin 
caused the south line to relay open and 
interrupt service, The line was carrying 
50,000 kw. 

The second interruption occurred at 
9:11 p.m., January 6, 1937, when the 
line was delivering 130,000 kw. Sleet 
had been reported as forming on the con- 
ductors at Mountain Pass between 
Boulder and the Silver Lake switching 
station, The patrol road was becoming 
impassable, so it was decided to alternate 
the load on the north and south line sec- 
tions between these stations. As will be 
indicated in the paper on relaying, tran- 
sients during switching operations had 
been such as sometimes cause relay 
action to occur on the incoming line. 
The north line section had been energized 
from Boulder and in the process of placing 
it in parallel with the south line it relayed. 
Then either the supervisory control in- 
dication did not come in correctly, or the 
Boulder operator did not notice, or else 
did not wait long enough for the super- 
visory signal to come in before tripping 
the south line and interrupting service. 
Due to the line being charged from the 
receiving end high voltage existed for 
one or two seconds until the operator 
opened the lines so Boulder could get the 
transmission line ready for resynchro- 
nizing. 

The third case of interruption did not 
occur for nearly a year and happened at 
10:25 a.m., November 8, 1937, while 
the relay maintenance crew were making 
their routine tests on the performance of 
the relay equipment. In clearing the 
balanced line, to put them back in serv- 
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ice, some jumpers were inadvertently 
left so as to involve a complication of 
several circuits on a relay test panel, in 
such a way as to have the effect of con- 
necting the secondary of the potential 
transformer through the residual cur- 
rent coil of the carrier pilot relays. Also 
due to the short circuit on the potential 
transformer, voltage on the directional 
element was such as to cause the relays 
to indicate a fault on both lines. When 
the relay test switch was turned to put 
the relays in operation both lines were 
tripped. 

At the time of this interruption Boulder 
power plant was carrying 217,000 kw. 
It is estimated that the maximum re- 
ceiving-end voltage of the lines was 
approximately 385 kv at 4.5 seconds 
after the interruption and that the maxi- 
mum frequency was 65 cycles per second 


Figure 2. First tower east of washed-out 
tower 


5 seconds after the lines opened. Such 
values are not considered excessive for 
dropping this much load. These con- 
ditions caused no flashovers of line in- 
sulation nor difficulty in the autotrans- 
formers connected to the lines. 

The fourth interruption occurred at 
6:56 p.m., March 2, 1938, as a result of 
the undermining of a double-circuit tower 
by the worst flood of 50 years record in the 
Los Angeles area. The actual failure 
began several minutes earlier. At 6:50 
p.m., the north circuit relayed out, by 
balanced line relays, due to a single-phase- 
to-ground fault on the A phase (top con- 
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ductor). Since the overhead ground wire 
broke free from the tower on this side, 
it is believed that this first relay action 
was caused by the ground wire sagging 
down on the conductor below. The com- 


plete relay and circuit-breaker action 


required only 3.5 cycles or 0.06 seconds. 
This is as designed and the circuit-breaker 
action was without distress. Boulder 
was carrying 170,000 kw at the time of 
fault. System voltage drop was scarcely 
noticeable, and very small power swing 
took place, the maximum at Boulder 
being 177,000 kw. Since the operator 
knew what was taking place, load was 
then reduced on the Boulder circuit. 

Six minutes later the tower completed 
its process of falling and the bottom 
conductor of the south line (also A 
phase) contacted ground and was relayed 
by carrier pilot relays, in 51/2 cycles at 
the receiving end and 101/2 cycles at the 
Victorville end. The load being carried 
was 130,000 kw. 


This second fault was less severe than 
the previous one, as very considerable 
less ground current flowed indicating 
considerable resistance at the point of 
fault. The relay time was compatible 
with the ground currents involved. 

The generators speeded up to about 63 
cycles 4.6 seconds after the fault. The 
sending-end voltage did not rise appre- 
ciably. 

The last interruption occurred at 
10:16 a.m., March 29, 1938. It was an 
illustration of what can happen due to 
complexity of circuits in a modern power 
house, where doing some simple but un- 
usual operation brings into action other 
equipment, possibly out of mind at the 
time. In this case, while gathering name- 
plate data for inventory purposes, the 
circuit breakers for supplying d-c con- 
trol power over two feeders, were being 
alternately taken out of service. In this 
process, the second breaker was opened 
before the first was closed, removing the 
control power. Then all normally ener- 
gized control relays dropped out, es- 
tablishing a condition which energized 
the governor shut-down solenoids when 
the bus was re-energized. This caused 
all turbine gates to move to the full 
closed position, where all but one unit 
latched shut. On this one unit the gates 
came back to the full open position, but 
as all of its output was used up in driving 
the other units and churning water, no 
power reached Los Angeles, and the Boul- 
der circuits were opened by hand to per- 
mit Boulder to clear up its trouble and 
get the line ready for synchronizing. 
The load on the machines at Boulder at 
the time was 230,000 kw. 


Peterson—General Operation 


The Boulder speed dropped to 45 
cycles about 30 seconds after separation. 
The regulators were set to maintain 17,000 
volts at the generator. The units were 
then put on hand control, and gates 
opened to bring the speed up. Due to 
no load, they came up more rapidly in 
speed than the regulator could adjust 
voltage, considering the heavy field cur- 
rent and the effects of line-charging cur- 
rent with increasing speeds. The leading 
current also acted on the cross compen- 


sation of the voltage regulators, causing | 


them to regulate seven per cent higher 
than their setting. The maximum volt- 
age at Boulder was approximately 385 
kv. The receiving-end voltage was not 
appreciably different because of the very 
large lagging exciting current taken by the 
autotransformers at the receiving end, 
with high voltage. 


Electrical Loading 
and Performance 


Due to the continuous use that has been 
made of this line there has never been 
opportunity to conduct any program of 
accurate testing to determine the line 
characteristics. However, with open-cir- 
cuit conditions and normal voltage at the 
receiving end, switchboard readings were 
taken of current and voltage on the high- 
voltage side at Boulder. A comparison 
of these results with values determined 
by transmission system constants cal- 
culated with slide rule, for the same com- 
plete circuit, revealed that the calculated 
sending-end voltage was 238,000 while 
the test average was 239,000 and the 
calculated current was 200 amperes 
while the test average was 194. Such 
constants were determined on the simple 
isolated circuit basis, without refinements 
including ground wire effects, or height 
above the ground, ete. This is sufficient 
check to give assurance that the circuit 
is operating about as anticipated. The 
general performance under load is also 
as expected from calculation of perform- 
ance. 

In the design work, the assumption 
was made that the generator terminal 
voltage would in general be held constant 
at the normal value, with a fixed setting 
of the voltage regulator. In actual 
operation a slightly different policy has 
been followed to date. The regulator 
setting is changed with the load, ranging 
from 90 per cent voltage at very light 
loads up to 105 per cent at the higher 
loads. This gives operation in accord- 
ance with the criterion for minimum line 
loss, and also permits the synchronous 
condensers to operate at lower outputs. 


ELECTRICAL ENGINEERING 
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} ‘he high efficiency of the line is indicated 
in table I. 
Operation of the line has as yet de- 
veloped no conditions which provide a 
full check on the stability limit. How- 
ever, some verification of design can 
be obtained from the clearing of the first 
circuit. During the trouble of March 2, 
1988, when a tower was taken out by 
flood at a time when the load was 170,000 
_kw, the relay and circuit-breaker action 
_ was so prompt that only a single-phase-to- 
ground fault resulted. However had 
slower circuit breakers been used the 
fault would presumably have had time 
to develop into a two-phase-to-ground 
or three-phase fault. This proved to be 


the case when a very similar tower. 


failure took place on the Department’s 
110-kv double-circuit line, where an A- 
phase-to-ground fault developed into a 
two-phase-to-ground fault within 3 cy- 
cles and in 13 additional cycles became a 
three-phase fault. For a _ three-phase 
fault at this load the more permissible 
duration of fault to avoid instability is 
of the order of one-third second. If the 
customary speeds of fault removal, such 
as 20 to 30 cycles had been used, this 
fault would probably have produced in- 
stability. As it happened, there was 
hardly an observable flicker of voltage 
and hardly any power swinging. Opera- 
tion was perfect until six minutes later 
when the tower had fallen so as to in- 
volve the second circuit. 


Mechanical Characteristics 
and Loading 


CONDUCTOR 


All of the line carried on single-circuit 
towers is designed to carry one-half 
inch of radial ice loading with a wind 
loading of eight pounds per square foot 
of projected area, with a safety factor of 
21/. on the ultimate strength. The 
nearest approach the line will probably 
have to these loadings occurred during 
the winter of 1936-37. 

The first evidence of sleet formation 
on the line occurred during December 
1936 when a few spans at the top of Cajon 
Pass were observed to have one-half to 
three-fourths inch of ice measured 
radially in the vertical plane, but having 
very little thickness on the sides. At 
this time the wind had a velocity of ap- 
proximately 30 miles per hour. Similar 
conditions existed at another mountain 
pass between Boulder and Silver Lake 
stations. The conductor completely re- 
covered to its original normal sag after 
the loading was removed. 

The sleet formation in Cajon Pass was 


AprRIL 1939, VoL. 58 


watched with considerable interest as 
an effort was made in locating the line 
to choose proper elevations, and the ap- 
propriate slope of the mountains, so that 
sleet difficulties would be minimized. 
The experience of some other lines in this 
area had been that sleet and snow has 
formed up to diameters in excess of eight 
or ten inches and broken down conduc- 
tors and structures. In the storm under 
discussion some lines had such difficul- 
ties. It is now believed that the route 
selected is probably a good choice. 

During the period of construction and 
operation, several periods of relatively 
high wind velocity, probably up to ap- 
proximately 50 miles per hour, have been 
experienced without giving any trouble. 
This is considerably below velocities that 
would give mechanical trouble. The 
design of clearances is based on a wind 
velocity of 70 miles per hour without ice 
so there was no real danger of flashover at 
lower velocities. 

During the year beginning September 
1935, while construction work was in 
progress a survey of line vibration was 
carried on, in which 71 locations likely 
to be favorable to producing conductor 
vibration were investigated, by using a 
recorder employing an inertia arm. If 
any appreciable vibration was indicated 
by this instrument, a smoked-chart re- 
corder was put in place to measure am- 
plitude. Such were installed in 44 of the 
above locations. 

Approximately 18 miles in scattered 
locations or seven per cent of the total 
line, gave evidence of vibration in excess 
of one-half inch double amplitude at a 
point six feet out from the clamp, and in 
excess of one per cent of the time during 
which wind was favorable for vibration. 
In only one case was this amplitude 
maintained for as long as five per cent of 
the time that the wind was favorable for 
vibration. At this same location the 
amplitude reached the maximum of any 
place on the line, which was only 11/3 
inches, double amplitude. This highest 
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Figure 3. Towers west of washed-out tower 


amplitude only prevailed for 0.01 per 
cent of the time that wind was favorable 
for vibration. 

Based on the recorded data, none of the 
locations had vibration of sufficient ex- 
tent to lead to fatigue failure within a 
50-year period. This knowledge is based 
on fatigue studies on the conductor used. 
However, in order to be conservative and 
make allowances for differences that 
might exist due to the relatively short 
time of survey at each location, it was de- 
cided to equip the 18 miles mentioned 
above with dampers. 

The studies by the Department have 
served to indicate that theconductor being 
used has a high degree of self-damping, 
and is entirely satisfactory in its per- 
formance in resisting fatigue failure. 


HARDWARE 


The free-center-type of suspension 
clamp used on this line has operated 
very successfully. Although the cable 
lies in pivoted saddles without clamping, 
there has been no creep. The knife-edge 
pivots used have shown no wear where 
examined, and no wear was indicated 
for a clamp carrying normal load in a 
vibration fatigue test on the cable. Dur- 
ing the recent tower failure due to the 
flood, the center wedge grip engaged the 
body of the clamp and held dead end 
strains on the cable as anticipated. 

The wedge-grip strain clamps and 
conductor connectors have proved en- 
tirely satisfactory. One refinement how- 
ever was necessary and became evident 
at the start of the stringing operations. 
Conductor stringing was started with one 
crew in the Kingston Valley section of the 
line on March 15, 1935, and this was fol- 
lowed by a crew in the Silver Lake sec- 
tion on March 21, 1935. The first span 
of cable erected at Silver Lake pulled out 
of the dead-end fittings during the erec- 
tion process, and this was followed by a 
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similar occurrence at Kingston a few days 
later. We had previously broken, in 
laboratory tension tests, several hundred 
pieces of this cable when dead-ended in 
these same fittings and in every case the 
dead-end fittings functioned perfectly. 
However, the cause of the trouble was 
found to be in the design of the inner 
wedge or chuck of the dead-end fittings. 
The chuck was not flexible enough to ac- 
commodate certain combinations of manu- 
facturing dimensional tolerances of cable 
and dead-end fittings. All chucks were 
additionally slotted to make them more 
flexible and no additional trouble was 
experienced. 

In connection with the discussion of 
hardware it is of interest to call attention 
to a special unforeseen condition that ex- 
ists along about seven miles of line. At 
this point the line is proceeding in a 
westerly direction after going through 
Cajon Pass. Here the line is running 
in the foothills parallel to the axis of the 
mountains, but there are frequent small 
canyons at right angles to the direction 
of the line. The prevailing winds, which 
are frequent and of moderately high 
velocity, are from the north and flow down 
these little canyons with varying velocity 
in adjacent canyons. The result is that 
adjacent spans of the line have unequal 
and continually shifting wind loading, 
which produces considerable longitudinal 
motion as well as the normally antici- 
pated transverse swing of the insulator 
strings. 

Due to this action, the commonly used 
bent-rod type of hanger bracket, which 
has a hooked end carried by holes in 
clip angles attached to the cross arms, 
is causing some wear at the points of 
support. An improved type of hanger, 
devised so as to give rolling action 
rather than sliding action, is being de- 
signed for use at this location. For the 
remainder of the line this hanger has given 
no such difficulty. 

It was also observed with this type of 
hanger, that in comparison with struc- 
tural-steel or plate type of hangers, that 
there was more tendency for the clevis 
pins to move endways and eventually 
bring the cotter key against the clevis 
where it could wear. The exact cause of 
the action is not known, but may be due 
to the large eye and the curved surface 
on which the pin rests, coupled with the 
larger motion with the wind that comes 
with the use of the hollow conductor of 
light weight. To eliminate any worry 
of failure due to this cause the pins were 
replaced with bolts and slotted nuts with 
cotter key to lock the nut. 

The seven-mile section here referred to 
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had the same type of longitudinal motion 
take place on the overhead ground wire, 
causing the clamp to swing 45 degrees. 
The result was excess wear on the trun- 
nion pivots of the suspension clamps at 
such locations. At the present time, 
designs are being made for special clamps, 


Figure 4. Tower after two footings were 
lowered five feet by washout 


to withstand this kind of action. This 
type of wear is not found elsewhere on the 
line. 

The special ground-wire strain clamp 
designed for this line has been satis- 
factory throughout the line. 


TOWERS AND FOOTINGS 


The satisfactory design of the towers 
and footings can best be indicated by a 
discussion of how these structures with- 
stood the flood conditions that prevailed 
on March 2, 1938. Although one tower 
was lost, as has been indicated, there 
were many more at other locations that 
were in jeopardy and which with less 
liberal design, especially of footings, 
would have failed. 

Floods in this area involve many short 
streams, normally carrying little or no 
water, which originate in the mountains, 
come down steep canyons, and in the 
case of the larger streams carry prob- 
ably 50,000 cubic feet per second. The 
velocities even through the coastal plain 
are exceedingly high and very destruc- 
tive. This flood was the worst in over 
50 years. It was exceedingly widespread 
in its damage, affecting disastrously a 
large number of power lines, communi- 
cation lines, railroads, highways, pipe 
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lines, bridges, and many other important 
structures. wa 

The tower that was undermined was 
in the wash area, but to one side of the 
established channel. The destructive 
power of the water can be judged from 
figure 1 showing a picture of the one re- 
maining footing, with the tower visible 
approximately 200 feet downstream where 
it was carried by the force of the water. 
Obviously a failure of this kind put tre- 
mendous strains on the conductors and 
the adjacent suspension towers. In this 
failure the north ground-wire clamp 
broke free from the tower and the bottom 
conductor on the north side broke free 
at the bottom insulator. The other con- 
ductors were broken, by the pulls imposed 
by the falling tower. 

The tower shown in figure 2, is im- 
mediately to the east of the tower that 
went out and shows that all arms and 
insulators remained intact. The insu- 
lators have a strength just under the 
broken wire pull that the cross arms can 
withstand. This tower received some 
help from a dead-end tower just beyond. 
On the west end, however, all the towers 
were suspension towers. The resulting 
strains on the conductor were such as to 
break insulator strings from one to three 
towers back depending on the conditions 
of pull. This is shown in figure 3. The 
towers were not damaged although they 
had to meet a duty approaching that ona 
strain tower. They are designed to 
withstand one broken conductor and one 
broken ground wire under maximum ice 
and wind conditions. 


At another point in a rather indistinct 
water channel, a tower had all four foot- 
ings completely exposed, and remained 
standing, due to the dead weight of the 
concrete footings. In another case, an 
angle tower, which was a considerable 
distance back from a water channel, had 
two of its footings undermined by the 
progressive cutting back of the bank. 
This tower is shown in figure 4. The 
footings were lowered about five feet 
but the weight of the footings prevented 
the tower from being pulled over by the 
transverse pull due to the angle. 

These cases are representative of sev- 
eral others, where the sturdiness of the 
towers and the weight of the footings 
served to limit our outage to one location 
on the Boulder lines. 
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However, although this flood with its | 


previously referred to widespread dam- 
age, did create a few points of danger 
and the actual loss of one tower, never- 
theless to a very large degree the correct- 
ness of the location of the line and the 
placing of the structures is verified by the 
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HE original basis for the selection of 
1.4 inches as the diameter of the con- 
ductor for the Boulder Dam transmission 
line was provided principally by test data 
taken at the Ryan High Voltage Labora- 
tory, at Stanford University, by the 
Department of Water and Power in co- 
operation with Doctor Joseph S. Carroll, 
on conductors ranging from 1.125 inches 
to 2 inches in diameter. Also reference 
was made to other previous corona work 
at the same place.*** An analysis and 
use of the data,®>® taking into account 
temperature and altitude effect and 
making some allowance for unknown 
factors affecting corona laws that had 
appeared in many of the tests, led to the 
final recommendation of 1.4 inches as the 
diameter for the conductor for 287.5 kv. 
Cost curves for the line in terms of con- 
ductor diameter indicated that in the 
vicinity of minimum cost the curves were 
exceedingly flat, with about one per cent 
change from the minimum cost represent- 
ing a diameter difference of 0.1 inch. 
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Due to the peculiar shape of the corona 
loss curve, such economic choices would 
occur at the knee of the curve. How- 
ever, the test work at Stanford had re- 
vealed that there were variations in 
corona loss that could not be accounted 
for by known temperature or barometric 
variations or other partially known fac- 
tors such as humidity or surface condi- 
tions. The general indication was that 
after stable surface conditions had de- 
veloped such factors would not cause a 
shift in the loss curve of more than ten 
per cent in voltage for the same loss. 
Realizing that if a conductor was operat- 
ing near the knee of the curve and that 
this much shift in the loss curve of the 
conductor might run the losses tremen- 
dously and uneconomically high, it was 
decided to be somewhat liberal in select- 
ing the conductor diameter. The excess 
diameter over that apparently required 
was taken as approximately 0.1 inch. 
Tests on 1.65-inch-diameter hollow 
copper conductor of the segmental type, 
referred to as type HH, had indicated 
somewhat lower losses for that form of 
cable as compared with what would be 
expected from conductors with a stranded 
surface. It was believed, however, that 
a stranded cable of the diameter selected 
would be satisfactory for use on the line. 
Due to the small knowledge at the time 
on this subject of surface contour, no 


tremendous percentage of the line that 
escaped without damage. 


Conclusion 


The performance of other elements of 
the system will be discussed in appro- 
priate papers associated in this sym- 
posium. 

In conclusion it can be stated that the 
performance of the transmission line and 
its associated equipment has been satis- 
factory. The few difficulties that have 
been discussed are not to be regarded as 
materially detracting from the success 
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of the line as a whole, but are mentioned 
so that the electrical industry might 
profit from a knowledge of their existence. 
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distinction was made for the difference in 
corona loss for these cables, in preparing 
specifications, 

Later tests on various 1.4-inch-diameter 
cables, which were submitted by manu- 
facturers in response to specifications, 
demonstrated the lower losses to be ob- 
tained with the smooth surface segmental 
type,’ which was the conductor used on 
the line. This conductor also had eco- 
nomic advantage in that it could be made 
with the exact amount of copper necessary 
to carry the mechanical and electrical 
loading involved. 

From the corona standpoint, the tests 
on 1,4-inch-diameter conductors indi- 
cated that any of them should be satis- 
factory, and that the 1.4-inch-diameter 
segmental-type conductor would be lib- 
eral as the losses were quite small, pro- 
viding the surface conditions existing in 
the laboratory tests would be main- 
tained in the field, by care in erection. 

In addition to selecting a conductor 
size that would give low corona losses, 
a special effort was also made to design 
line hardware so as practically to elimi- 
nate unshielded corners or small radii 
that would be conducive to the formation 
of corona. The suspension clamp is es- 
sentially a box-shaped shell of smooth 
exterior with very liberal radii of curva- 
ture for all edges and corners. The 
strain clamps and connectors are de- 
signed so as to have rounded edges and 
dimensions that will make them corona 
free. In addition the use of 11/2inch 
pipe for arcing horn structures at the 
high voltage end of insulator strings gives 
adequate shielding to hardware parts and 
the lower insulators to avoid corona forma- 
tion at such points, as well as eliminating 
corona from the horn itself. In addition 
the long insulator strings used further 
reduced the duty on insulators to a point 
where corona formation at the insulators 
is practically eliminated unless disturbed 
by dirt and fog or other contamination. 


Noise Observations 


Dry WEATHER CORONA 


After a line is in operation, a great deal 
of the judgment, concerning the per- 
formance of conductors with respect to 
corona, must be based on noise observa- 
tion. This comes from the fact that, in 
a long line with low corona losses, it is 
very difficult to make any test arrange- 
ment whereby corona losses can be ac- 
curately determined. Such work in- 
volves not only the problems of accurate 
measurement of power at low power factor 
and high voltage, but involves subtrac- 
tion of copper losses, affected by tem- 
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Figure 1. The test line and high-voltage 
wattmeter arrangements for Victorville corona 
tests 


The steel towers in the background are part 
of the main transmission lines 


perature at various points and the 
variation in the charging current along 
the line. In order to maintain proper 
voltages at each end of the line, in ac- 
cordance with those existing during 
normal operation, synchronous condenser 
operation is necessary and determination 
of such losses must also be-made. The 
interpretation of the results is also dif- 
ficult due to the variation in elevation 
and temperature along the line. 

When 90 miles of the line was first 
energized from the Los Angeles end, 
observations taken near the receiving 
station indicated a corona noise of moder- 
ate intensity that could be heard for a 
distance of approximately 400 feet. 
This statement means that such noise is 
at the threshold of hearing at that dis- 
tance when observed by a person ac- 
customed to listening to corona noise and 
who is concentrating his attention on its 
observation. Newly energized circuits 
generally have a higher noise level than 
found on the same circuit after weather- 
ing. After this conductor had weathered 
for the month or so until normal operation 
was in effect, and then further weathered 
for about two months with voltage ap- 
plied, the noise as observed for dry 
weather was very much reduced and be- 
came essentially inaudible when observed 
from the ground when standing directly 
under the line midspan. In general, in 
the vicinity of Los Angeles, it is only 
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under exceptional conditions that the 
dry weather corona noise becomes audible 
when so observed. Under such condi- 
tions noise can develop very suddenly 
and apparently with no _ observable 
change in temperature or humidity or 
known factors affecting corona loss. It 
would be of an intensity that becomes 
inaudible at about 200 feet, and is not of 
long duration and is less noisy than tire 
noise from an automobile traveling on 
smooth pavement. 


In the foothill region east of Los 
Angeles where the line is at elevations of 
approximately 2,000 feet, the dry-weather 
noise is not much different from that 
which has been discussed. It can prob- 
ably best be described by saying that an 
occasional corona brush manifests itself 
with an intermittent buzzing sound. | 

When observations are made in the 
mountains and desert, inconsistencies 
begin to appear. The highest noise 
levels are not found at the high elevations 
as would naturally be expected from the 
variation of the air density factor. Ob- 
servations at elevations in excess of 4,500 
feet are usually inaudible if the location 
is such that the observer cannot be close 
to the midspan because of a gulley or 
canyon, The audibility at the tower due 
to approximately 100 feet elevation of the 
conductor is quite low. At other points 
of high elevation where the contour of 
the ground permits observation at closer 
distances, a mild corona noise is heard. 

One of the few sections producing the 
most noise is in the vicinity of mile 175 
from Boulder at an elevation of 3,200 
feet. When at its highest level the noise 
at this point has the crackling sound as- 
sociated with a small grass fire and also a 
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low humming sound similar in quality to 
transformer hum, is sometimes heard. 
When the noise is at its maximum, at this 
location, it becomes inaudible at a dis- 
tance of 1,200 to 1,500 feet. This noisy 
location exists for a distance of about 
three miles on both circuits. There is 
considerable variation in the noise from 
day to day, over and above that due to 
temperature changes. A high degree of 
noise has been observed on cool evenings 
and very quiet operation has been ob- 
served during warmer daytime periods, 
which is contrary to normal expectations. 
Sometimes in the course of a few minutes 
a conductor will exhibit alternations of 
noise and quietness. 

At night, no uniform envelope of corona 
is visible, as the discharge is in the form 
of scattered and intermittent brushes 
from two to eight feet apart, which are 
visible at midspan where the conductor 
is about 30 feet above the ground. 

There has been occasion to notice about 
four other similar areas where such corona 
conditions exist but probably to a lesser 
degree. 

During wind storms, in the desert, 
other lower voltage lines had been ob- 
served to have a glow similar to corona, 
probably due to charging or discharging 
dust particles or other atmospheric 
charge phenomena. On the assumption 
that atmospheric charges might have 
some influence on corona loss and noise, 
an observation station was set up in the 
vicinity of mile 175. At two locations, 
about 800 feet and 11/2 miles from the 
line, antennas about 50 feet long were 
carried on masts 30 to 40 feet above the 
ground on hilltop locations. An electro- 
scope was used to measure the potential 
of the antennas to ground. Arrange- 
ments were also made adjacent to the 
line to measure radio interference noise, 
and to record audible corona. By taking 
observations simultaneously at both 
places, it was thought it might be possible 
to obtain some correlation between 
atmospheric charges and corona noise. 
Voltages up to approximately 2,000 volts 
were measured by means of the electro- 
scope, which is not uncommon for an- 
tennas in the desert. Very little if any 
correlation was observed between the 
accumulation of charges on the antennas 
and noise on the transmission line. 


For the great part of the line length, 


corona noise is at a comparatively low _ 


level. At elevations of the order of 
2,300 to 2,700 feet, which is about the 
average elevation of the line, and on a 
normal dry day with the temperature a 
little above average, the noise is at the 
threshold of audibility at a point midway 
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between the two single circuits, which 
have a separation of 265 feet. This 
general low level of corona noise is very 
satisfactory and indicates that the con- 
ductor design has been adequate. 


WET WEATHER CORONA 


As soon as rain begins to fall on the 
conductor, corona noise becomes evident 
at any location. The noise is so directly 
coincident with the beginning of the fall- 
ing of the drops, that the cause of the 
loss and noise is either the exchange of 
charges between drops and the con- 
ductor or the mechanical pattern and 
shape of conducting water caused by the 
rain drops striking the conductor. The 
motion of the drops in the alternating 
electrostatic field may also contribute to 
the humming sound quite evident during 
rain. The resulting noise is moderate. 

At an elevation of 1,000 feet, where 
adequate darkness prevails, it is just 
barely possible to see rather intermit- 
tently the bluish corona glow during rain. 


At elevations in excess of 2,000 or 2,500 
feet, and similar darkness, the faint blue 
glow of corona is visible for about two 
spans. The glow frequently has an 
intermittency that gives the effect of 
longitudinal motion along the conductor. 
It is believed that this effect may be due 
to rain drops hanging along the bottom 
of the conductor, when it is vibrating 
slightly. Then the drops are either 
shaken loose or elongated by the motion, 
which develops glow either by changing 
the gradient, or by carrying small charg- 
ing currents to the falling drops. 


Desert Loss Measurements 
For the past several months considera- 


tion has been given to the design of a 
third 287.5-kv Boulder circuit. Due to 
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the fact that no high-voltage source was 
easily available for testing in the actual 
line location heretofore, the work had all 
been done at the Ryan laboratory. On 
the basis of such tests, 1.4-inch-diameter 
stranded conductor was considered to be 
satisfactory for 287.5-kv operation and 
1.4-inch-diameter hollow copper con- 
ductor of the segmental type showed ap- 
preciable liberality. These facts to- 
gether with a general excellence of per- 
formance of the 1.4-inch conductor being 
used, brought about the suggestion that 
the possibility of using a smaller diameter 
of conductor be investigated. However, 
observations of noise at some special 
locations on the desert, as previously 
mentioned, indicated some departure 
from the laboratory conditions and made 
it desirable to have some loss tests made 
actually under desert operating condi- 
tions. 

Since high voltage was now available 
from the Boulder circuit, a test set up 
could be made at the Victorville switching 


Figure 2. lHigh-voltage wattmeter equip- 
ment for the Victorville corona tests 


The steel structure in the background is the 
Victorville switching station 


station. By isolating the portion of one 
circuit from Boulder to Victorville and 
supplying it from one generator, voltage 
could be controlled from any desired low 
value up to about 360,000 volts at 
Victorville. High-voltage wattmeter 
equipment similar to that used for some 
of the tests at the Ryan laboratory,’ and 
a suitable test line, were erected. Gen- 
eral views of these test arrangements and 
their location with respect to the switch- 
ing station are given in figure 1 and fig- 
ure 2. 

At this location, tests are in progress on 
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1.25-inch-diameter and 1.4-inch-diameter 
hollow copper type HH conductor and 
also on some 1.4-inch stranded aluminum 
conductor steel reinforced that had been 
tested previously at the Ryan laboratory. 
At the conclusion of this work, the details 
will be reported. 


One important result of these tests 
was that, after due allowances had been 
made for barometric pressure and tem- 
perature, it was found that the losses at 
Victorville were appreciably higher than 
those obtained at the Ryan laboratory. 
This is true for all conductors tested to 
date, including stranded as well as those 
of the segmental type. The aluminum 
cable is the identical sample tested at 
Stanford and its surface was carefully 
protected so as not to be roughened or 
damaged in shipment or erection. The 
1.4-inch type HH cable was a fair sample 
of that cable, not noticeably different to 
any that had been heretofore tested or 
used on the line. The 1.25-inch diameter 
type HH cable was a new size manu- 
factured for the test, but the equivalent 
of its losses at Stanford can be judged 
from interpolations made from tests on 
1.1-inch and 1.4-inch-diameter cable. 

The increased corona losses measured 
at the Victorville test location are suf- 
ficiently higher than those obtained at 
the Ryan laboratory, so that the differ- 
ence cannot be explained on the basis of 
any reasonable altitude and temperature 
corrections. The losses are also suf- 
ficiently high so as to make unattractive 
the use of 1.25-inch-diameter hollow cop- 
per conductor of the segmental type or 
even 1.4-inch-diameter conductors with 
a stranded cable surface. As far as can 
be judged by measurements to date, 
which are not fully completed, 1.4-inch- 
diameter hollow conductor of the seg- 
mental type as used on the line will have 
losses sufficiently low as to confirm the 
design and size of this conductor as being 
satisfactory for 287.5-kv lines. 


Such higher losses have been found on 
clear days and under such conditions 
that wind, humidity, temperature, and 
barometric pressure do not offer sufficient 
explanation for the results. The con- 
ductors have been tested as soon after 
washing as was possible, without dem- 
onstrating that the accumulated con- 
tamination of the conductors was in- 
creasing the losses. Among the intan- 
gible items that have been mentioned as 
possible causes are such things as atmos- 
pheric charges, sun-spot phenomena, in- 
visible charged dust particles, the pres- 
ence of radioactive materials in the 
vicinity or as dust on the conductor, or 
the presence on the conductor of any 
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Symposium on Operation of the Boulder 


Dam Transmission Line—Insulation 


and Lightning Protection 


By BRADLEY COZZENS 


MEMBER AIEE 


Synopsis: This paper covers a résumé of 
the fundamental principles of insulation and 
lightning design for the Boulder Dam trans- 
mission line, including the fog problems en- 
countered in the coastal regions and the 
lightning problems of the desert section. 
The operation in both areas is covered, 
with particular reference to the lightning 
encountered during two years of construc- 
tion and one year of operation. A descrip- 
tion of the lightning recording equipment 
with current values and frequency of 
strokes is reported. From these values the 
adequacy of the design is definitely indi- 
cated. 


HE Boulder Dam-Los Angeles trans- 

mission system of the Bureau of 
Power and Light traverses country pre- 
senting a wide variation in geological and 
climatological conditions. Starting from 
practically sea-level conditions at the 
Los Angeles terminus, the line passes 
through low-lying alluvial valleys, with 
their accompanying fogs, through the 
foothill sections and across the gravelly 


and rocky talus slopes at the hase of the 
San Gabriel Mountains. Passing over 
Cajon Pass at an elevation of 4,415 feet, 
the line drops gradually into the Mojave 
Desert area for the remainder of the 
190 miles to the Boulder power plant. 
For those unfamiliar with this territory, 
it is a mingling of mountain ranges, large 
sloping valleys of a generally rocky char- 
acter with occasional sinks or dry lakes 
that are flooded at two- to four-year in- 
tervals by desert storms. In this section 
the line varies in elevation from 800 to 
4,862 feet with the general trend being 
between 2,000 and 3,000 feet. The 
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chemicals that may increase the emission 
of electrons. A new field of corona in- 
vestigation is thus opened up. 

As a final check on corona loss on the 
Boulder transmission line, reference 
should be made to the over-all monthly 
efficiencies that are given in table I, of 
the companion paper on general operation 
of the transmission lines. These losses 
agree so closely with calculated resistance 
and equipment losses, that the corona 
loss is negligible. 


Conclusion 


The experience obtained to date in the 
operation of the line indicates a general 
low level of audible corona noise and con- 
servative corona losses thus substantiat- 
ing the original design. 
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average rainfall in this territory is be- 
tween one and six inches per year which 
usually comes in one or two storms of 
cloudburst proportions. 

In the area between the Cajon Pass 
and the coast the line is subject to long 
dry periods during the summer months, at 
which time the insulators collect con- 
siderable dust aggravated by field cul- 
tivation. This period is followed by the 
heavy fogs, in the fall of the year, which 
fogs come without much warning and 
seriously impair the effectiveness of any 
insulation. Although in the desert area 
there is appreciable dust, there is almost 
complete freedom from fogs and its at- 
tendant problems. The rains come as 
heavy downpours that serve primarily 
to wash insulation rather than producing 
any insulation problem from this stand- 
point. 

The familiar isokeraunic charts pre- 
sented by the United States Weather 
Bureau! show Los Angeles having less 
than 5 lightning storm days per year; 
the mountainous section between Los 
Angeles and the desert, approximately 7; 
with the frequency gradually increasing 
to approximately 30 in the vicinity of 
Boulder Dam. Prior to the design of 
the line, these values were partially sub- 
stantiated by a survey of the territory 
and of the operating records of the few 
transmission and telephone lines that 
traverse it. 


Thus two definite insulation problems 
were presented; namely, insulation for 
the lightning voltages of the desert and 
insulation to be free from flashover due 
to dust and the fogs of the coastal region. 
Since the system was to be a major source 
of supply for the City of Los Angeles, 
justifying the high degree of reliability 
specified by the management, the de- 
sign contemplated practical immunity 
from flashover from either lightning 
or insulator contamination and fog. 


Fog Design 


Insulation that will withstand con- 
tamination and wetting of fog has been 
a baffling problem on the Pacific Coast 
for many years. Studies made in con- 
nection with the design of the Boulder 
Dam line and other lines of the Depart- 
ment gave a good understanding of the 
action of insulators under these condi- 
tions and also led to the redesign of | 
lightning arresters? to operate under 
such conditions. Under fog conditions 
the leakage current over insulators is 20 
to 200 times the normal capacitance cur- 
rent. The voltage distribution is thus 
determined by surface resistance alone. 
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Figure 1. Gaps used to fasten counterpoise 

to tower leg and to break the electrolytic 

circuit between copper counterpoise wire and 
zinc-steel tower legs 


A—Section through gap, stud cut off 
B—Gap flashed by natural lightning 

C—Gap flashed in laboratory, 75,000 amperes 
D—Gap flashed by natural lightning 


its use in populated areas. However, 
this unit has approximately 20 per cent 
lower impulse flashover than the conven- 
tional-type insulators which eliminated 
its use in other locations. Little, if any, 
improvement was found for any of the 
so-called fog-type insulators available for 
these tests. To facilitate cleaning and 
yet obtain the greatest leakage in a given 
string length, the ten-inch-diameter 
five-inch-spaced standard suspension disk 
was selected for this type of service, 
In accordance with tests and the suc- 
cessful operation of 20 such units on 
220 kv in northern California it was felt 
that the use of 24 units at the higher 
voltage but somewhat less severe fog 
condition on the Boulder Dam_ lines 
would preclude the possibility of flash- 
over for a number of years. To prevent 
disturbance in the residential section 
through which the line passes a program of 
washing the insulators once or twice a year 


Since the drying of the surface film in- 
creases its resistance and consequently 
the voltage duty and power dissipated in 
the dry areas, these drier sections will 
continue to heat and dry carrying more 
voltage duty while the other areas be- 
come wetter and take less and less voltage 
duty. The caps of these drier units may 
operate in excess of 35 degrees Fahrenheit 
above the ambient air temperature, while 
the high-resistance area adjacent to the 
pin may be much hotter. 

The results of the fog tests on prac- 
tically all commercial and many special 
insulator shapes showed the old-type 12- 
inch flat disk to have the lowest leakage 
current and ability to insulate in fog. 
Though the smooth surface and poor 
electrostatic stress distribution of this 
type unit inhibits dust deposition, the 
same conditions exaggerate the sparking 
and arcing of the wet units eliminating 


Figure 2. Gaps used to fasten counterpoise 
to tower leg 


A—Gap from same tower as gap of figure 1 D. 
Note multiplicity of burns 
B--Gap fused across by natural lightning 
C and D—These gaps resemble power-fre- 
quency burns and appear to be the result of 
many strokes. Gaps burned before line was 
energized 
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Figure 3. Parts 1 and 2, graphical presenta- 
tion of lightning strokes per mile and number 
of towers affected per mile as indicated by 
flashed counterpoise gaps with accompanying 
profile of tower footing elevations 


with high-pressure jets is being used. 
A section of the line approximately five 
miles long has been washed twice to 
date in this manner. 

At Victorville switching station, less 
than a mile from a large cement plant, 
the station insulation, switch supports, 
and housings are washed frequently to 
prevent setting of the cement dust. Jet 
pressures up to 800 pounds per square 
inch are used. The line for a distance of 
about ten miles through this territory 
is washed oncea year. Itis contemplated 
that cleaning the insulators on the re- 
mainder of the line will be unnecessary. 

During the 20 months of operation of 
the Boulder Dam circuits involving 
practically two complete fog seasons, 
there has been no danger of flashover in 
the fog areas, and with the washing pro- 
gram being followed, the noise created 
by the insulators under fog conditions 
is actually less than that existing on the 
lower-voltage lines. 


Lightning Design 


At the time the lightning design of the 
Boulder Dam line was started, lightning 
theory had not been developed nearly so 
far as at present. Direct hit theory*.4 
had a few proponents and had had its 
first substantiation by reasonable meth- 
ods of calculation.*° Counterpoise had 
been used successfully in one location® 
and before the erection of the line had 
been installed on other transmission 
systems.”® Many of the factors used 
were not contemplated in the mathe- 
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in determining the current in the light- 
ning discharge. The flashover voltages 
for the longer distances were extrapolated 
from existing curves with the slope 
slightly decreased in the upper regions. 
The theoretical corona sheath diameter 
was used for the capacitance element in 
computing coupling factors and surge 
impedance while the metallic conductor 
diameter was used for the inductive com- 
ponent. In the case of towers, due to the 
already large dimensions, physical dimen- 
sions only were used for both the induct- — 
dance and capacitance elements. There 
is appreciable reduction in theoretical 
surge impedance for the case of wires 
leaving a junction in opposite directions. 
Though this effect decreases rapidly with 
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matical theory of lightning phenomena 
at that time; such as, change in stroke 
surge impedance with voltage, change 
in coupling factor due to excess voltage 
and corona, reduction in kilovolts per 
foot values for long distance flashovers, 
the concentration of charge on the ground 
surface rather than at the equivalent 
ground plane depth, the effect of current 
leaving the towers in opposite directions 
in reducing the surge impedance, and 
many other factors. 

In general, classical wave theory as ap- 
plied to transmission lines? was used 
as the main basis of design. The volt- 
ages encountered were based on 16 to 
20 million volts in the streamer at the 
tower top. The streamer surge imped- 
ance used was the conventional 200-ohm 
value, though studies were made with 
other values as modified by size of corona 
sheath and height above ground. This 
variation in streamer impedance as well 
as the impedance of the feeder streamers 
or collecting paths within the cloud are 
considered extremely important factors 
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distance, it is believed that this effect 
combined with the fact that the charges 
are located on or near the ground sur- 
face accounts for the improved perform- 
ance of the counterpoise ground over 
the vertical ground well, even though the 
latter may have the lower measured re- 
sistance. 

As contemplated, ground resistance 
measured on stakes driven to approxi- 
mate counterpoise depth showed resist- 
ance values as high as 3,000 ohms, though 
the large concrete tower footings at their 
greater depth showed values from as low 
as one ohm up to 150 ohms, with the 
majority of the footings measured show- 
ing less than 10 ohms. It was realized 
that to attempt to terminate counter- 
poise wires in this high-resistance top soil 
layer would produce severe voltage re- - 
flections and render the counterpoise in- 
effective. In addition, with the equip- 
ment developed for laying the counter- 
poise, it was more economical in most 
cases to use the additional length of wire 
in laying a continuous counterpoise than 
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it would have been to attempt to cut and 
ground radial wires at the end of shorter 
runs. The continuous counterpoise was 
used, each wire leaving the tower radially 
until 135 feet apart, then turning to run 
parallel to the center line of the trans- 
mission circuit, thus gaining the advan- 
tage of low surge impedance of the radial 
counterpoise without the disadvantages 
of terminal reflections. In the desert sec- 
tion where the two single-circuit tower 
lines are used, there is a cross tie between 
the adjacent counterpoise systems of the 
individual circuits. This gave a theo- 
retically lower surge impedance than 
would have resulted from the addition 
of a single wire, but with approximately 
a one-microsecond time delay. Arrange- 
ment of the counterpoise was given in a 
previous paper.!° 

The evaluation of the counterpoise 
surge impedance is still a debatable mat- 
ter. In this design attempt was made 
to duplicate by calculation values that 
had been recorded in tests.1! It was 
necessary to use correction factors to get 
agreement between these data and com- 
puted values, though some writers later 
obtained agreement by the use of two- 
wave theory.!2. The correction was pri- 
marily the use of a slight corona sheath 
or high-conductivity area in the ground 
and surrounding the counterpoise. That 
this condition exists can be indicated by 
surging a conductor in water of high 
conductivity and observing the corona 
formation on the conductor under the 
water. The other factor, primarily not 
a correction, was the use of a dielectric 
constant greater than unity for the ma- 
terial outside of this corona envelope. 
With these corrections, close agreement 
between theory and measured values was 
obtained. 

Realizing the possible inaccuracy of the 
assumptions upon which lightning theory 
is based, a slight safety factor was con- 
sidered desirable. The curve of flash- 
over with ten-microsecond time lag lies 
approximately 12 per cent below the 
same curve for two-microsecond time 
lag. To introduce a safety factor, the 
curves for the ten-microsecond time 
lag were used for insulators and gaps, 
rather than the two-microsecond values 
as computed. Thus if the computed 
values were rigidly correct, the use of 
the ten-microsecond curves would give 
a 12-per cent overinsulation for the maxi- 
mum lightning voltages expected, which 
percentage is no more than the erratic- 
ness of flashover voltage. 

On the basis of these studies a 16- to 
20-million-volt lightning stroke to the 
tower would require approximately ten 
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feet of insulation to prevent flashover. 
To balance this insulation for the case of 
a stroke to the ground wire at the center 
of a 1,000- to 1,200-foot span would re- 
quire a separation of 40 feet between 
ground wire and conductor at mid span. 
This balance of insulation between the 
supports at the tower and the separation 
between conductor and ground wire at 
mid span has been substantiated by re- 
cent literature.'8 


Insulators 


A lightning generator of the cage type 
was erected at the Harris J. Ryan High 
Voltage Laboratory, Stanford Univer- 
sity, and with the co-operation of Doctor 
J. S. Carroll, studies of the effect on im- 
pulse and 60-cycle flashover of insulator 
separation, diameter, and shape were 
made on practically all commercial shapes 
available at the time. Assemblies up to 
ten feet in length were tested. Other 
data published by eastern laboratories 
substantiated these measurements and 
furnished additional data upon which to 
base cost studies. This study included, 
in addition to the cost of insulators, the 
cost of added tower height and cross- 
arm length necessary to maintain the 
same flashover voltage. On this basis, 
the 10-inch-diameter 5-inch-spaced unit 
showed a decided economic advantage, 
while the 12-inch-diameter conventionally 
shaped unit with a separation of 5°/, 
inches showed the second lowest cost 
based on insulator and steel prices at the 
time of the study. Because of these 
studies, the 10-inch-diameter 5-inch- 
spaced insulator was selected for the des- 
ert or lightning section as well as fog 
section of the Boulder Dam line. 


Grading Rings 


Initial studies were made on a relatively 
large oval grading ring for the lower end 
of the insulator strings with a circular 
ring for the top end of the assembly, and 
their proper dimensioning and location 
was verified by impulse tests in the labo- 
ratory of one of the eastern manufac- 
turers. These shields proved too costly 
for the improvement offered; so it was 
decided to use a relatively large arcing 
horn at the lower end of the string with 
a strap-type upper horn. The basis of 
design and positioning of these arcing 
horns was such that they should prevent 
cascading for all string flashovers occurring 
in three microseconds or less, and be free 
from corona at a voltage 20 per cent 
above the operating voltage. This basis 
was followed as an insulation standard 
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for all of the equipment on the Boulder 
Dam lines. The insulator assembly has 
been pictured in a previous paper.!° 


Operation and Measurements 


One of the circuits was first energized 
for its entire length from Boulder power 
plant on October 9, 1936, and went into 
permanent operation on October 26, 
1936, as described in a companion paper." 
Thus the energized line was subjected to 
a few storms at the end of the 1936 
lightning season and all of the 1937 sea- 
son under normal operating voltage. 

The line erection was started in the 
latter part of 1934, and approximately 
27 per cent of the overhead ground wire 
and a somewhat larger percentage of the 
counterpoise had been installed by Au- 
gust of that year. During the 1935 light- 
ning season, 73 per cent of the ground 
wire and 79 per cent of the counterpoise 
were installed with conductor stringing 
progressing to about these same values. 
Thus in the collection of data, the 1934 
and 1935 season are considered as one 
year and called 100 per cent line length. 
The line was 100 per cent complete dur- 
ing practically all of the 1936 lightning 
season. 


The counterpoise leaving the base of 
the tower is attached with a gap con- 
nection for the purpose of preventing 
electrolytic corrosion between the cop- 
per counterpoise and the zinc and steel 
of the tower leg. External from the 
tower, however, the counterpoise is con- 
tinuous with the loop between the two 
wires of each circuit and between adjacent 
circuits closed at each tower to prevent 
building up excessive induced potentials 
in long isolated leads. A cross section 
of one of these gaps with the counterpoise 
wire in place is shown in A of figure 1. 
The gap is of cast bronze with molded 
bakelite insulation between the two ele- 
ments and bolts directly to the tower 
leg about seven inches above the footing. 
The gap between the concentric cylin- 
drical elements is 1/1s inch, which offers 
no barrier to lightning voltages. 

In addition to providing the insulation 
necessary to break the zinc-copper cir- 
cuit, the counterpoise gaps serve to 
indicate the location of lightning strokes. 
The first indication of outstanding im- 
portance from these gaps was an ob- 
served direct hit which involved the gaps 
on seven towers of the two adjacent cir- 
cuits. From the nature of the burns a 
code was developed primarily involving 
burn size and location and the nature of 
the burn. The diameter or size of the 
burn was given as a number indicating 
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twentieths of an inch; thus, a half-inch 
burn is a number 10 burn. Early in 
1937 the gaps on the first 200 miles from 
Boulder were surveyed. This survey, 
covering the two years of erection with a 
few months of operation, revealed a wide 
variety of burns ranging from a small bead 
of copper about 0.02 inches in diameter to 
burned areas covering over one-half inch 
of the circumference of the gap. Other 
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Figure 4. Average number of lightning 
strokes per mile per year. Averages obtained 
for each ten mile section 


discharges fused the gap together in di- 
ameters in excess of 1/s inch. The code 
that had been developed was inadequate 
and had to be revised, though the meas- 
urement of the burn diameter in twen- 
tieths of an inch was retained. 

At about this time published data in- 
dicated that burn size could be used as 
an indication of the magnitude of crest 
current.!21© The sponsor of this idea 
checked this effect on the counterpoise 
gaps using an oscillatory wave and cur- 
rents from 25,000 to 100,000 amperes. 
The burn diameter was found to be pro- 
portional to current with approximately 
0.625 inches of burn per 100,000 amperes. 
These burns had the character of molten 
metal that had been blown violently. 
The burn as produced by test with 75,000 
amperes is shown in figure 1 C and is 
about °/s inch in diameter. The burns 
produced by actual lightning are equal 
or greater in diameter than those obtained 
in the laboratory. Figure 1 B shows a 
burn from natural lightning of the same 
character as the laboratory burn that is 
between 12/59 and 14/o9 inch in diameter. 
This would indicate a current in excess 
of 100,000 amperes. Figure 1 D shows 
another burn of the same nature between 
4/5) and °/s inch in diameter that was 
obtained from a tower leg on which the 
magnetic-link-type surge-crest ammeter 
had recorded 21,000 amperes with 18.5 
per cent oscillation. The magnetic links 
on the north leg of the same tower in- 
dicated a similar current value, but the 
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gap showed three or more burned areas 
indicating the multiplicity of the strokes. 
The diameter of the individual burns was 
approximately 3/29 inch while the labora- 
tory data would have indicated 21,000 
amperes should have burned an area be- 
tween 2/9 and 3/99 inch. 

Complete fusing of the gap occurred 
in only about five cases. Figure 2 B 
shows a typical case in which the diameter 
of the fused section is nearly 3/29 inch. 
This condition is considered to be the 
result of many low-current strokes of a 
multiple discharge, or the result of a low- 
current long-time discharge. Figures 2 
C and 2 D show two burns of a similar 
nature, yet much more extensive. These 
are assumed to be the result of multiple 
strokes or many strokes in the same lo- 
cation. These latter burns have the 
nature of power-frequency burns, but 
there have been no flashovers since the 
line was energized, so they are known to 
have been the result of lightning. 


Though there is close agreement be- 
tween the laboratory and field data in 
many cases, others show little similarity. 
Extreme care and considerable more 
data will be necessary before using the 
counterpoise gaps as an accurate current- 
measuring device, primarily because of 
the multiple nature of the lightning dis- 
charges with overlapping burns, the os- 
cillation between the streamer and the 
lightning-protection system or within the 
latter, and the great variation in the time 
of discharge, though at present duration 
of discharge is considered to have little 
effect on diameter. Further calibration 
data are being obtained and it is hoped 
that future reports will include current 
values as indicated by the counterpoise 
gaps. 

The location of the counterpoise gaps 
flashed by lightning is given diagrammati- 
cally in figure 3. The line profile is in- 
cluded in the charts. The data from the 
survey of May 1937 include all of the 
gaps that were flashed during the 1935 
and 1936 seasons except those changed 
by construction crews and are indicated 
by the solid areas. The data from the 
survey of May 1988, covering the 1937 
lightning season, are indicated by the 
open areas of the chart. 

The upper section of the chart shows a 
great many more gaps flashed in the 
first 130 miles from Boulder Dam than 
in the lower section of the chart which 
covers the remainder of the line. This 
substantiates the data given by the 
Weather Bureau’s isokeraunic charts.} 
There was a total of 110 strokes indicated 
during the 1935 and 1936 seasons, or an 
average of 55 per year, and 63 during 
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the 1937 season. In general, less towers 
were involved per stroke during the 1937 
season than during the previous seasons, 
due possibly to inaccuracies of the earlier 
survey or overlapping of the two seasons. 
With but few exceptions, the lightning 
is relatively evenly distributed in the 
first 80 miles from Boulder Dam. The 
lack of hits at the high point of the line 
in mile 32 is due to the fact that the line 
runs through a pass and is protected by 
adjacent mountains. This is also true to 
a lesser degree of the ridge in mile 39 and 
40. For the next 30 miles, from mile 
40 to 70, the 1935 and 1936 seasons 
showed little decrease in intensity, but 
the hits during the 1937 season were very 
scattered, being limited to sections ad- 
jacent to the high points. It was this 
summit at mile 57 that showed the heavy 
power-frequency type burns of figures 
2 Cand 2 D during the 1936 season. The 
section between mile 80 and 170 shows a 
decidedly lower lightning level with a 
still lower lightning level between mile 
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Figure 5. Variation in lightning stroke 

intensity as indicated by the number of 

strokes affecting various numbers of towers— 

indication obtained from flashed counterpoise 
gaps 


170 and the Los Angeles terminal of the 
line. 

The group of hits near mile 257 in- 
dicated as a 1936 hit occurred in Decem- 
ber 1936 after the line was energized. 
This was in the section of double-circuit 
construction where the lightning protec- 
tion is less effective than in the single- 
circuit area, due to less counterpoise and 
greater separation between the ground 
wire and lower phase wires. There was 
no flashover, yet the counterpoise gap 
burns on two adjacent towers indicated 
in excess of 100,000 amperes per tower. 

Figure 4 gives a condensed indication 
of the lightning stroke intensity through- 
out the line. The values plotted are the 
average strokes per mile per year for the 
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ten-mile section included. The lower 
section using two years data shows a 
general trend with the number of strokes 
decreasing between the dam and Los 
Angeles. The upper section for 1937 only 
vis very erratic in nature. There are high 
sections between miles 90 and 120, 140 
and 170, 180 and 200, and again between 
miles 230 and 250. These blocks were 
not shown clearly by the larger plot of 
figure 3. 


In the lower section of figure 3 is shown 

~ the number of towers per mile that showed 

flashed counterpoise gaps, which follows 
the same trend as the number of hits per 
mile. The duplication of hits in mile 
24 produced an unusual quantity of 
flashed gaps yet the whole section of the 
line up to mile 80 showed a large number 
of flashed gaps. In addition to showing 
the lightning frequency decreasing west 
of mile 80, figure 3 also indicates that 
the intensity may be decreasing also 
due to the smaller number of flashed gaps 
for each hit. There are many more hits 
in this section where only one or two 
towers are affected. 


As an indication of the distribution of 
stroke intensity, figure 5 shows the num- 
ber of strokes that flashed counterpoise 
gaps on various numbers of towers from 
1 to 12. The plotted dots and solid-line 
curve give the approximate average per 
year for the 1935 and 1936 seasons com- 
bined, while the plotted circles and 
dash-line curve cover the 1937 season. 
The two average curves are surprisingly 
close together though the individual 
points are erratic. From the curves it is 
seen that between 12 and 20 lightning 
strokes per year will involve but 1 or 
2 towers; 4 per year, 4 towers; 2 per 
year, 6 and 7 towers; and a stroke every 
other year, or half a stroke per year, 
may involve 12 towers. There are, of 
course, those discharges that will not 
permanently mark the counterpoise gaps. 
Artificial lightning discharges of approxi- 
mately 4,000 amperes show only slight 
discoloration with no pitting of the 
metal. This type discharge soon oxidizes 
and any record from it is lost; so that 
many more gaps are flashed than are 
actually found in the gap survey. 

The number of strokes indicated may 
be in slight error due to some hits that 
were multiple in character, terminating 
successively on both towers yet recorded 
as one hit only. This increases the num- 
ber of gaps per stroke, for some of the gaps 
flashed on the second circuit were prob- 
ably due to cross currents from the pre- 
ceding stroke on the other circuit and 
vice versa. These are located in some 
cases by the displacement of the center of 
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disturbance on the two lines, showing how 
easily both circuits may be involved in 
open country even though 265 feet apart. 

Magnetic-link-type surge-crest am- 
meters are installed on 23 miles of the 
Boulder north circuit including miles 1 to 
12 and 22 to 32. Recorders are installed 
also on all diverter towers at the Boulder 
switch rack and Silver Lake and Victor- 
ville switching stations. The normal 
location of the supporting bracket is 
seven feet above the top of the concrete 
footing which is three feet below the 
first panel point. Where unequal leg 
extensions or irregular tower construction 


Table |. Magnetic - Link - Surge - Crest - Am- 
meter Data for 1937 Lightning Season 


Tower Stroke 
Num- Num- 
ber ber Leg 


Cloud 
Per Cent Polar- 
Current Oscillation ity 


25-N-3 37-1 N_ *2,800+ over 50 — 
E 8,400 50 - 
S) 4,400 = ~ 
WwW 2,000 = = 
17,600 
25-N-4 37-1 N_ 21,150 18 - 
E 20,600 13.05 — 
S 23,300 19.5 — 
W 19,150 21.5 = 
84,200 
25-N-5 37-1 N_ *3,000+ over 50 — 
E Trace = = 
tS) 5,000 _ + 
W 38,000+ over 50 _ 
6,000 — 
5,000 a 
26-N-1 37-1 N_ Trace — 
E Trace — 
S *2,000+ over 50 —- 
W_ Trace = 
26-N-5 37-2 N 8,200 50+ — 
E 9,800 50 = = 
Sy 3,800 —-+ — 
W ~ 3,600 —-+ — 
25,400 
4-N-3 37-3 N_ 10,600 50= — 
E 9,000 50+ — 
Ss 5,300 50+ — 
WwW 10,400 50= — 
35,300 
22-N-6 37-4 N_ *2,000 - - 
E 1,600 _ _- 
S 2,000 = = 
W 2,400 _ - 
8,000 
23-N-1 37-4 N_ 13,400 32 _ 
E 15,400 37 ad 
Ss 16,800 29 - 
W 17,100 28 = 
62,700 
24-N-5 37-5 N_ 15,000 35 — 
E 14,000 44.5 = 
S) 13,200 42 _ 
W 13,200 47 - 
55,400 
25-N-1 37-5 N_ *5,000 over 50 - 
E 4,000 over 50 - 
Ss 4,000 over 50 - 
Ww 2,000 over 50 — 
15,000 


* Approximate. 
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is involved, the supporting brackets are 
placed at a symmetrical point in the 
In the normal installation there 
are two brace angles, 21/2 by 2 by °/16 
inches that terminate seven feet below 
the link brackets. The leg members are 
5 by 5 by °/s inches so it is anticipated 
that the major portion of the current is 
carried by these leg members. From the 
inspection of the counterpoise gaps prior 
to the installation of the magnetic links 
stroke currents of over 200,000 amperes 
per tower were indicated. Since with 
the insulation level on these lines low- 
current strokes could not cause flash- 
over, and to record more accurately the 
high current strokes, the magnetic links 
were located 6 and 18 inches from the 
center of gravity of the angle rather than 
the 3 and 9 inches as in the normal in- 
stallation. 


In addition to the above mentioned in- 
stallations, magnetic-link type and paper- 
film type surge-crest ammeters are in- 
stalled on the 12 lightning-arrester phase 
units at the Boulder end and the six phase 
units at the Los Angeles end of the cir- 
cuits. To date there have been no dis- 
charges recorded by the links on the ar- 
resters, though the paper film gaps on 
two of the arresters at Boulder showed 
very small punctures, possibly due to 
overvoltages combined with switching 
surges. 


Five strokes have occurred of sufficient 
magnitude to record accurately on the 
magnetic links as located. One of these 
strokes showed indication on four towers 
while the remainder registered on only 
one or two towers. Many other towers 
showed traces of magnetism too small to 
be of value. Table I gives the tower 
number, leg location, crest current, de- 
gree of oscillation, and the polarity of the , 
recorded currents. The largest stroke re- 
corded was in mile 25 and showed 84,000 
amperes on the tower hit with 17,000 am- 
peres in the tower adjacent to the east. 
On the tower to the west three of the 
links showed the same polarity current: 
namely negative, while the fourth link 
on the south leg showed a positive cur- 
rent. This is one of the locations where 
the adjacent circuit was struck by one 
of the discharges in the same stroke or by 
another stroke. The counterpoise cross- 
tie between the two circuits first con- 
tacts the south leg of the north circuit 
which could account for the reversed 
polarity on this leg and the resultant 
lower values of current than those found 
on the tower to the east of the one hit. 
The stroke current of this discharge was 
at least 100,000 amperes, and if the above 
analysis is correct was in excess of 120,000 
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amperes. The oscillation on the tower 
struck was 18 to 20 per cent while on 
the adjacent towers, 50 per cent oscil- 
lation was indicated, possibly due to the 
effect of strokes on the adjacent line or 
the difference in the speed of travel of the 
surge currents through the overhead 
ground wires and through the counter- 
poise system. 

The next stroke, in mile 26, was rela- 
tively light showing only 25,000 amperes 
with approximately 50 per cent oscilla- 
tion. The third stroke in mile four again 
showed oscillation of 50 per cent or greater 
with 35,000 amperes in the tower and 
only a trace on adjacent towers. The 
fourth stroke centered on tower 2-N-1 
with 62,000 amperes in the tower and 
oscillation between 28 and 37 per cent. 
The tower to the east showed 8,000 am- 
peres with high oscillation. The stroke 
current was at least 70,000 amperes. 
The last stroke of any magnitude ter- 
minated on tower 24-N-5 with 55,400 
amperes in the tower and oscillation be- 
tween 35 and 47 per cent. The adjacent 
tower to the west showed 15,000 amperes 
with high oscillation. The total stroke 
current was again in excess of 70,000 
amperes. 

From the records obtained with the 
magnetic links it is evident that the low- 
resistance counterpoise system allows 
appreciable oscillation, particularly on 
the towers adjacent to the tower struck. 
This may be true oscillation, or may be 
reversal of current flow due to the dif- 
ference in speed of propagation of the 
waves over the different paths. The 
values of lightning stroke current re- 
corded, to date are between 35,000 and 
120,000 amperes, indicating that the 
lightning encountered in the western 
part of the United States is approaching 
the same intensity as that encountered 
in the East, and since observations of the 
counterpoise gaps indicate that values 
practically double these may be encoun- 
tered at times, places the lightning cur- 
rents well within the range of those en- 
countered elsewhere. 


To further the study of lightning cur- 
rent phenomena, a lightning rod assem- 
bly is being erected on eighty transmission 
structures and diverter towers. This 
assembly is pictured in figure 6. The 
sharp point on the top of the rod is gradu- 
ated in tenths of an inch so that the 
amount burned off by various lightning 
strokes can be determined. The infor- 
mation gained from this should be of value 
in determining the size of strand neces- 
sary in overhead ground wire to prevent 
complete destruction by strokes terminat- 
ing on the wires. 
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As a measure of the total current-time 
values of the lightning stroke, the fuse 
link assembly is added below the rods. 
Adjacent to the rod is mounted the 
bracket for supporting the magnetic- 
link-type surge-crest ammeter while the 
paper-film-gap type is mounted on the 
supporting steel member at the base. 
A device for counting the number of dis- 
charges in multiple strokes is in the 
process of development to fill the vacant 
space between the last fuse-link clip and 
the film-type crest ammeter. It is hoped 
that this equipment will add some further 
information as to the effect of burning of 
lightning strokes as well as some data 
on the multiple stroke currents. 


Conclusions 


The insulation design selected for the 
fog section of the transmission line gives 
satisfactory performance, practically free 
from noise and perfectly free from outage 
if washed at occasional intervals as con- 
templated. 

To date there have been 173 strokes 
to the Boulder Dam transmission line, 
none of which is known to have flashed an 
insulator assembly. Approximately 70 
of these hits occurred since the line has 
been energized. 

The counterpoise gaps used to break 
the electrolytic circuit between the tower 
steel and the counterpoise give very de- 
sirable indications of the towers hit by 
lightning and serve to give an approxi- 
mate indication of the magnitude of the 
stroke. 

Magnetic-link-type surge-crest-amme- 
ter records have showed during one light- 
ning season, currents as high as 84,000 
amperes down a single tower and in ex- 
cess of 120,000 amperes in stroke current. 

The adequacy of the lightning-protec- 
tion scheme has been largely substan- 
tiated by the past year’s experience, and 
future performance will determine the 
exact factor of safety that was built into 
the lines. 
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Symposium on Operation of the Boulder 


Dam Transmission Line—Carrier-Current 


Equipment 


By J. D. LAUGHLIN 
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ARRIER-CURRENT equipment is 
being employed for three distinct 
services on the Boulder Dam trans- 
mission line: first, for pilot channels for 
automatic protective line relays; second, 
for a transmission channel for supervisory 
control equipment which provides con- 
trol from Boulder power plant of the two 
switching stations between Boulder and 
Los Angeles; and third, for telephone 
communication between Los Angeles, 
Boulder, and the two intermediate sta- 
tions, and to transmit orders to line 
patrolmen who may be working at any 
point along the line. These three func- 
tions may be performed simultaneously 
without interference with each other, and 
are not affected by power conditions or 
normal switching conditions on the line. 
This paper deals with the supervisory 
control equipment, the telephone equip- 
ment, and certain equipment common to 
all services. The relay installation is 
discussed in a companion paper in this 
symposium entitled ‘‘Transmission Line 
Relay Protection.”’ 

Important savings in operating time 
and in investment have been achieved 
by the use of carrier-current equipment 
for these functions. As Boulder power 
plant is the major source of power for the 
City of Los Angeles, and in order to in- 
crease the stable power capability of the 
line, it is necessary that faults be cleared 
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with a minimum disturbance to the 
system, and that outages be reduced to a 
minimum. The use of carrier-current 
pilot relays provides the high-speed relay 
protection for individual line sections 
essential to maintain stability on the 
system during fault conditions. The 
carrier-current supervisory control pro- 
vides a fast means of performing switch- 
ing operations on the line and reduces 
dispatching time by providing con- 
tinuous indication at both the system 
load dispatcher’s office and Boulder 
power plant of the position of all switch- 
ing equipment on the line. Due to the 
high mechanical reliability of the line 
and its lightning protection, the carrier- 
current telephone provides a communica- 
tion channel more reliable and safer than 
could be obtained over a telephone line 
built through the country traversed, and 
at a fraction of the cost. It also provides 
a quick means of issuing orders to line 
patrolmen and thus reduces the time re- 
quired to locate and repair any faults that 
may occur on the line. 

The term “carrier current’’ is used here 
to denote currents of high frequencies 
that are transmitted over the metallic 
circuits of the power lines to perform 
special functions. Since the frequencies 
used are of the order of those used in 
space transmission most of the equipment 
used is radio-type equipment which is 
directly connected to the transmission 
line through coupling capacitors. 

The carrier-current channels all operate 
over the 287,000-volt conductors be- 
tween Boulder switch yard and Century 
receiving station at Los Angeles. The 
relay channels stop at these stations. 
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Discussion 


For discussion see page 156. 
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However, from Boulder switch yard to 
the power plant the supervisory and tele- 
phone carrier channels operate through 
coaxial cables. From Century station to 
the load dispatcher’s office in Los Angeles 
the supervisory and telephone operate 
over direct-wire channels, 

The equipment required for carrier- 
current transmission consists first, of 
radio-type transmitters that generate the 
carrier frequencies and are controlled by 
signaling devices which may be relays, if 
it is desired to transmit codes, or micro- 
phones for voice transmission; second, 
tuned coupling devices for connecting 
the carrier sets to the transmission line; 
third, the transmission line and, fourth, 
radio-type receivers that rectify or de- 
modulate the messages received. There 
are also auxiliary devices for blocking the 
carrier out of stations and bypassing 
station equipment. 

All carrier-current equipment installed 
on the Boulder transmission line is de- 
signed to operate at any frequency in the 
wave band from 50 kilocycles to 150 
kilocycles, and is designed to operate at 
10 kilocycles separation between adjacent- 
channels without interference. This 
band permits the use of eleven channels 
at this spacing, of which there are now 
eight channels in use and more channels 
will be added later. The supervisory 
control equipment is operating at 60 
kilocycles, the telephone at 90 kilocycles, 
and the relay circuits at 110, 117, 130, 
135, 140, and 150 kilocycles. 


Each relay carrier channel operates 
over one line section only, and since trans- 
mission is required only when there is no 
fault condition on the line, one conductor 
and ground provide a satisfactory circuit. 
For the supervisory and telephone serv- 
ices it is necessary to maintain carrier 
transmission during abnormal conditions. 
For each of these services, one conductor 
in each line of a different phase is used 
with the midpoint between the line tuning 
units grounded so that if one conductor of 
these circuits becomes open, transmission 
is maintained through the other conductor 
and ground. Phase A of each line sec- 
tion is used exclusively for the pilot re- 
laying carrier channels. Phase B of each 
section of the north line and phase C of 
the south line are used exclusively for the 
supervisory control carrier channel. 
Phase C of the north line and phase B of 
the south line are used exclusively for the 
telephone carrier channel. 


The line coupling devices used to con- 
nect the carrier sets to the transmission 
line consist of a capacitor connected to the 
line conductor and to ground through a 
variable tuning inductance and one wind- 
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ing of a repeating coil. There is a cou- 
pling device connected to each conductor 
entering the station, and a wave trap 
between each coupling device and the 
station (figures 1 and 2). 

Each coupling capacitor consists of 
four porcelain-housed units in series, 
each consisting of 40 series units, using 
aluminum foil plates, insulated with 
kraft paper, giving a capacity of 0.00075 
microfarad for the complete unit. The 
porcelain housings are evacuated, then 
filled with insulating oil to within several 
inches of the top of the metal cap. This 
top space is filled with an inert gas and 
hermetically sealed to provide a cushion 
to prevent excessive pressures due to 
expansion in hot weather. 

At the lower end of the capacitor the 
circuit divides, one branch being a 
carrier-frequency circuit and the other a 
power-frequency circuit. A 0.03-micro- 
farad condenser, in the carrier-frequency 
circuit, blocks the passage of power- 
frequency currents and a 0.24-henry 
choke coil, in the power-frequency cir- 
cuit, blocks carrier-frequency currents. 
From the small condenser the carrier- 
frequency circuit goes to the line tuning 
units. The tuning units for the three 
services are slightly different in con- 
struction, but each consists of a variable 
inductance by means of which the circuit 
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Figure 1. Line 
coupling equipment 


A—Wave traps 
B—Coupling  ca- 
pacitor 
C—Potential device 
D—Supervisory line 


tuning unit 
E—Relay carrier set 
F—Telephone line 
tuning unit 


from line conductor through capacitor, 
tuning unit, and repeating coil can be 
tuned to resonate at any frequency be- 
tween 50 kilocycles and 150 kilocycles. 
In order to bypass station equipment, the 
tuning units at the two ends of the sta- 
tion for the supervisory carrier are con- 
nected together with underground coaxial 
cables; the telephone tuning units are 
similarly connected. The carrier sets 
are connected in the circuit between the 
tuning units (figure 3). 

The 60-cycle circuit from the radio- 
frequency choke is completed to ground 
through the primary of a potential device 
having a capacity of 150 watts at 115 
volts to provide energy for relay potential 
coils. The secondary of this device is 
connected to an adjusting unit by means 
of which phase angle and ratio adjust- 
ments are made. 

The wave traps in the line between the 
coupling capacitors and the station are 
adjustable to block any single frequency 
within the carrier band from entering the 
station equipment and becoming dis- 
sipated in losses in the equipment or in 
closed shorting and grounding switches, 
For the supervisory and telephone sery- 
ices they also force the carrier currents 
to go through station bypasses, and thus 
provide approximately the same circuit 
characteristics regardless of the position 
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of station equipment. The traps used 
for the three services are essentially the 
same; they consist of a large coil shunted 
by adjustable groups of small fixed con- 
densers of various sizes in series with a 


variometer. The inductance coil in the 


traps used in the relay circuits consists 


of 31 turns of 750,000-circular-mil cable 
wound on a 15-inch-diameter porcelain 
shell. Those used in the traps for super- 
visory and telephone circuits consist of 
36 turns of 7/s-inch diameter solid hard 
drawn copper rod wound in two layers of 
15-inch and 19-inch diameters supported 
on a bakelite frame. A protective gap 
and lightning arrester are connected 
across the trap to protect the capacitors 
in case of high voltages due to surges on 
the line. 

All the carrier transmitters and re- 
ceivers used on the Boulder transmission 
line operate from 115-volt single-phase 
60-cycle power supplies. To insure the 
best reliability for their power supply, 
there are, in each station, two d-c motor- 
driven alternators obtaining power from 
the station control batteries and con- 
nected through automatic transfer equip- 
ment to a carrier equipment bus. Hither 
alternator can be connected to the bus 
but not both at the same time. In case 
the operating machine fails and the bus 
potential drops, the second motor is 
automatically started and its alternator 
is connected to the bus. At the same 
time, the motor switch of the other set is 
opened. In case neither set starts, the 
bus is connected to the station lighting 
supply as an emergency standby. The 
station lighting supply is not used nor- 
mally because its regulation is not con- 
sidered good enough for this service. 
Automatic voltage regulators on the 
alternators hold the carrier equipment 
bus voltage to within one volt. The 
frequency varies slightly but this is not 
objectionable as all of the carrier equip- 
ment operates satisfactorily at any fre- 


quency between 50 and 60 cycles per 
second. 


Carrier-Current 
Supervisory Control 


CONTROL SCHEME 


The carrier-current supervisory control 
equipment used on the Boulder trans- 
mission line provides a centralized con- 


trol at Boulder power plant of the 


287,000-volt switching equipment on the 
line, and also operates a system diagram 
board in the system load dispatcher’s 
office at Los Angeles. 

The operator at Boulder can perform 
the following operations at both Silver 
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ake and Victorville switching stations: 
pen and close four oil circuit breakers, 
open and close eight disconnect switches, 
open and close four ground switches. 

here is continuous visual indication by 
means of colored lamps on the control 
board at Boulder of the positions of all 
this equipment and potential indications 
for each line section. There are also 
indications for the following equipment 
connected to the Boulder line and located 
in Los Angeles over which the Boulder 
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Figure 2. Carrier-current-coupling-equipment 
wiring 
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operator has no control: four oil circuit 
breakers, four disconnect switches, four 
ground switches, and potential on two 
busses. On the same benchboard with 
the supervisory control equipment is a 
panel for the control of the equipment in 
the Boulder switch yard. This equip- 
ment is controlled by direct wire using 
the same type of control switches and 
indicating lamps that are used on the 
supervisory panels. From this panel are 
controlled four oil circuit breakers, eight 
disconnect switches, and four ground 
switches. 

On the system diagram in the Los 
Angeles load dispatcher’s office con- 
tinuous lamp indication is provided by 
the supervisory equipment of the posi- 
tions of all oil circuit breakers, disconnect 
switches, ground switches, and potential 
on lines and busses at Boulder switch 
yard, Silver Lake switching station, 
Victorville switching station, and the 
equipment at Century receiving station, 
Los Angeles, that is connected to the 
Boulder lines. 

The Boulder operators are responsible 
for keeping the lines energized to Los 
Angeles. In case of trouble on the line, 
whereby Boulder becomes separated 
from Los Angeles, the bus breakers at 
Los Angeles are opened either auto- 
matically or by the local operator, de- 
pending on the nature of the trouble. 
The Boulder operator then energizes 
the line and it is synchronized with the 
system by the operator at Los Angeles. 
The control of all line circuit breakers at 
the two switching stations, in such a case, 
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is by carrier-current equipment. .Nor- 
mally all switching in such a case would 
be done without telephone communica- 
tion except orders for speed adjustment 
for synchronizing, and this order is over 
carrier-current equipment. 

The specifications for the carrier-cur- 
rent stipervisory control equipment re- 
quire that the carrier-current equipment 
shall transmit and receive signals so as 
successfully to operate the supervisory 
control equipment: (a) under normal 
transmission line conditions, (6) without 
regard to the position or operation of any 
air-break switch, grounding switch, or 
circuit breaker at any of the stations, (c) 
with any one section of the transmission 
line solidly grounded at any point be- 
tween stations, (d) with one phase wire 
to which coupling is made broken in any 
one section and either or both ends of the 
phase wire either grounded or ungrounded 
at the point of failure. 

These requirements cover any operat- 
ing conditions that are expected to occur 
on the line. 


SUPERVISORY CARRIER EQUIPMENT 


The carrier-current equipment for 
supervisory control operates at a single 
unmodulated frequency of 60 kilocycles, 
transmitting codes similar to radio- 
telegraph signals. The carrier equip- 
ment at the four stations are duplicates, 
using all industrial-type tubes. The 
transmitter circuit consists of a Colpitts 
oscillator, followed by one stage of class-A 
amplification and one stage of push-pull 
class-B amplification. Keying is done in 
the oscillator grid circuit. The keying 
relay is of the type used in high-speed 
radio telegraphy and operates from the 
48-volt supervisory-control battery and is 
controlled by the supervisory relays. By 
selection of taps on the transmitter 
power transformer and by the use of 
either two or four tubes in the output 
amplifier, the sets are adjustable to 
operate at outputs ranging from 50 to 400 
watts. 

The best signal levels at all stations 
have been obtained with the transmitters 
at Boulder and Los Angeles operating at 
400 watts output, and those at Silver 
Lake and Victorville at 200 watts output. 

The receivers employ a special self- 
regulating heterodyne circuit. The re- 
ceiver output operates a receiver relay 
which in turn controls the supervisory 
relays. 

Test telephone sets are provided which 
can be plugged into the transmitter and 
receiver circuits for temporary communi- 
cation. 

The Boulder control board is a steel 
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benchboard with four panels, one for 
Boulder switch yard, one for Silver Lake 
switching station, one for Victorville 
switching station, and one for Century 
receiving station at Los Angeles. On the 
benchboard there is provided, in a mimic 
bus system, an individual control key 
and indicating-lamp escutcheon for each 
piece of apparatus remotely controlled 
or supervised. Associated with these 
lamps and keys, and controlled by the 
operations of the keys, are groups of 
small multicontact relays mounted on 
relay panels. A similar installation of 
multicontact relays is made at each re- 
mote station. At the remote station, 
however, the relays are controlled by the 
operation of those at Boulder by carrier 
impulses transmitted over the line and 
are connected through their contacts to 
interposing relays which, in turn,’ cause 
the devices in the remote station to func- 
tion in response to the operations initiated 
by the Boulder operator. 

Separate independent codes are used 
for the selection of each device. For com- 
mon functions such as close, trip, super- 
visions, Los Angeles check and release, a 
group of codes common to all points is 
used. Guard circuits are incorporated in 
the equipment that prevent the com- 
pletion of a selection sequence if the selec- 
tion code is not received correctly. 


When an individual selection key is 
pulled on the benchboard, the Boulder 
transmitting relays set up and place on 
the line the predetermined selection code 
for that point. This code is transmitted 
from Boulder to all other stations. The 
function of this code is to select for opera- 
tion the switch corresponding to the 
escutcheon on which the operator pulls 
out the selection key, and to select the 
corresponding point on the Los Angeles 
dispatcher’s board. When the point 
selection code is completed, check codes 
are transmitted from the selected station 
and from Los Angeles, which cause the 
individual point selection lamp to be 
lighted on the escutcheon on the Boulder 
board corresponding to the equipment 
selected. 

To close the breaker the operator now 
sets the individual twist type control key 
in the close position and then depresses 
the master control key. This causes the 
Boulder transmitting relay to send out a 
close code which is registered by the se- 
lected station’s receiving relays and they, 
in turn, cause the ‘‘close”’ interposing relay 
to be energized, thus causing the power 
circuits to close the breaker. The closing 
of the breaker changes the position of its 
auxiliary switch, which, in turn, changes 
the position of the indication relay. This 
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relay operates to send a code which 
changes the position of the lamp relays 
for the selected breaker, thus causing the 
indicating lamps to change from green to 
red at Boulder and Los Angeles and com- 
pleting the entire operation. The elapsed 
time from pressing the master control key 
until the lamps change is two seconds. 
Pressing the selection key resets the 
equipment to normal. 

The operation of tripping a breaker is 
the same except that a trip code is trans- 
mitted to energize the ‘‘trip” interposing 
relay. 

In case of an operation of any switching 
equipment by other means than by super- 
visory control a similar sequence occurs 
except that the selection code is trans- 
mitted by the equipment in the station 
where the operation occurred. This code 
is received at Boulder and Los Angeles 
and causes the indicating lamps to 
change. 

Sequence of point selections is so ar- 
ranged that line indications are on the 
first points, oil circuit breakers next, 
then disconnect switches and ground 
switches. Ifa line section relays due to a 
fault, five indications are transmitted, 
dead line and the opening of four oil 
circuit breakers, all in less than 25 sec- 
onds. If an automatic operation occurs 
during the sending of a code, the signal 
to indicate that operation is automatically 
withheld until the first signal is com- 
pleted, and is then immediately trans- 
mitted. If a code originating in an out- 
lying station is not correctly received at 
Boulder due to possible interference with 
the carrier or other external causes, the 
code is repeated until it is correctly 
checked or is automatically stopped after 
several attempts. 
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Interlock circuits are incorporated in 
the equipment that prevent the closing of 
a ground switch at either end of a line 
section if a disconnect switch is closed at 
either end of the section and also prevent 
closing a disconnect switch if a ground 
switch is closed at either end of the sec- 
tion. Circuits also prevent the operation 
of a disconnect switch unless its as- 
sociated oil circuit breaker is open. 

The equipment is so designed that 
trouble in any one station will not inter- 
fere with the operation of the balance of 
the system. Circuits are provided to 
sound alarms in case of a failure of 
the supervisory equipment. Telegraph 
sounders are located at the Boulder 
office and Los Angeles, connected in the 
line circuit so the operators may readily 
know when the supervisory is in motion. 

In addition to the supervisory control 
all stations are provided with conven- 
tional-type remote-control switchboards 
and all switching equipment can also be 
operated manually. In case any equip- 
ment is operated from the local control 
boards or manually the operations are 
recorded by lamp changes on the super- 
visory boards at Boulder and Los Angeles. 


OPERATING EXPERIENCE 


After the carrier-current supervisory- 
control equipment was put into service 
it was found that extraneous signals oc- 
curred on the line with sufficient 60- 
kilocycle components to operate the re- 
ceiver relays. These signals were gener- 
ated by lightning and other discharges 
during rain storms, arcs that occurred 
when disconnecting switches were opened 
or closed, and transients that occurred 
when line sections were energized or de- 
energized. Any of these signals occurring 
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during the transmission of a supervisory 
code would interfere with the super-— 
visory relays registering the code properly 
and cause the equipment to lock out or 
fail to complete the operation intended. 
The intensity of the signals caused by 
rain and lightning is relatively low and 
could be tuned out by desensitizing the 
receivers; however, the signals generated 
by disconnect arcs and switching tran- 
sients are of higher levels than the code 
signals during some of the abnormal line 
conditions under which it is required that 
the equipment operate. These inter- 
ference signals contain other frequencies 
in the carrier band in addition to the 60- 
kilocycle component. A circuit was de- 
signed and added to the receivers that 
will detect these multiple-frequency sig- 
nals and increase the bias on the 60-kilo- 
cycle detector tube in proportion to their 
intensity. This circuit reduces the recti- 
fied current due to interference signals in 
some cases from approximately 12 milli- 
amperes to 0.5 milliampere which is an 
unobjectionable value and permits weak 
60-kilocycle code signals of the order of 
6 milliamperes to be rectified with no 
decrease in value. This circuit has elimi- 
nated one of the major troubles that has 
been encountered in operating this 
equipment. 

With all sections of the line energized 
for normal operation the carrier trans- 
mission loss is 32 decibels. This loss is 
increased as sections are de-energized 
and grounded for maintenance work. 
At present there are some unusual line 
switching combinations that increase the 
carrier losses to an extent that failure of 
the supervisory equipment occurs but it 
is expected that these failures will be 
eliminated in the near future by increas- 
ing the transmission efficiency during 
abnormal line conditions. 


Carrier-Current Telephone 


COMMUNICATION SYSTEM 


The carrier-current telephone equip- 
ment provides complete intereommunica- 
tion between Boulder, Silver Lake, 
Victorville, and Los Angeles, on a single 
carrier frequency of 90 kilocycles. This 
telephone channel is used for load dis- 
patching, general communication, and 
for giving orders and instructions to 
transmission-line patrolmen cruising in 
automobiles in the vicinity of the trans- 
mission line. . 

The specification requirements for 
abnormal operating conditions are similar 
to those for the supervisory control. 
During normal operating conditions on 
the line this equipment provides excellent 
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telephone service from the standpoint of 


speech quality, and provides good quality 


and continuity of service during abnormal 


line conditions. On the occasion when a 


-double-circuit tower fell during a flood, 


five of the six conductors were broken, 


the conductor that remained in the air 


was one to which the telephone channel 
was connected and communication was 
maintained through this condition until 


-a repair crew grounded this conductor. 


This equipment uses the single-side- 
band carrier-suppressed principle of trans- 
mission. All the transmitted energy is 
concentrated into one side band which 
contains all the frequencies that are es- 
sential to reproduce the original speech. 
This equipment operates on a single- 
frequency channel for transmission in 
both directions and employs  voice- 
actuated vactuum-tube circuits to start 
the transmitter and block the receiver 
when transmitting and reverses this 
operation when receiving. Normally the 
transmitter is held inoperative by the 
introduction of a high negative bias on 
the grids of the modulator tubes and the 
receiver is normally set to receive signals. 
Speech currents introduced into the 
transmitting circuits are at the same in- 
stant introduced into the duplex control 
circuit. The speech currents in the duplex 
control circuit act to unblock the modu- 
lator and to block the demodulator. This 
allows the transmitter to become opera- 
tive after the receiver is blocked, thus 
permitting the modulated speech to be 
introduced into the power amplifier and 
thence through the coupling equipment 
to the transmission line. The design of 
the duplex circuit is such that the un- 
blocking of the transmitter and blocking 
of the receiver is almost instantaneous 
when talking is started. A certain 
amount of delay is provided in the re- 
lease of this circuit in order to prevent 
the transmitter from blocking and the 
receiver from unblocking between syl- 
lables or between words at average talk- 
ing speeds. To prevent received speech 
from actuating the transmitter at the 
receiving terminal, the received speech 
operates on the duplex control circuits 
and prevents it from actuating the trans- 
mitter. 

This equipment operates similar to a 
party line with selective ringing. Any 
station can hear all conversations on the 
line. Selective ringing is provided be- 
tween all terminals. This is accomplished 
by employing an audio-frequency tone of 
1,615 cycles which is controlled by con- 
ventional telephone dials. The code of 
audio-frequency pulses is transmitted 
from the calling terminal and received 
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HEN the study of these lines for the 
application of protective relays was 
started the predetermination of fault cur- 
rents made it necessary to calculate all of 
the phase-sequence constants of the lines 
since none of these constants for conduc- 
tors of this size and spacing was available. 
The elements entering into the calcula- 
tion of the positive-phase-sequence char- 
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acteristics were easily determined and the 
proper method for their consideration has 
been fairly well fixed by previous prac- 
tice. This was not the case for the zero- 
phase-sequence characteristics since the 
equivalent depth of the ground-return 
circuit could not be easily determined and 
there was no previous experience with a 
continuous buried counterpoise such as 
was to be used with this line. In making 
these calculations the equivalent depth of 
the ground return circuit was taken as 
8,800 feet and the counterpoise was con- 
sidered as though it did not make contact 
with the earth, or in other words as 
though it was part of the overhead ground 
wire system. The depth of the ground- 
return circuit used which corresponded to 


at all other terminals. These pulses 
actuate sequence switches of a type used 
in automatic telephone exchanges. At 
the receiving terminal corresponding to 
the code dialed, relays are operated which 
cause a signal bell to ring. Ring-back 
facility is provided so that when a bell at 
a station is being called a 1,615-cycle tone 
is transmitted back to the calling station. 

A two-wire extension line is run from 
Century station to the main office PBX 
board in Los Angeles where telephones 
in the main office can be connected to the 
carrier system. The system load dis- 
patcher has the right of way over all 
other terminals and can break into any 
conversation and ask for the use of the 
line. 

Power required for the operation of this 
equipment is supplied from a 30-volt d-c 
source and from a 115-volt 60-cycle 
source, At one location a storage battery 
is used to supply the direct current and 
at all others copper-oxide-type rectifiers 
supplied from the 115-volt service. As 
the equipment must be ready for instant 
service it is always kept energized. Each 
equipment transmitter has a rated output 
of 125 watts. 

Patrol cars along the transmission line 
are equipped with radio receivers tuned 
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to the telephone frequency. When it is 
desired to issue instructions to patrolmen, 
the dispatcher impresses a special tone 
on the carrier which is received by all 
cars. When the patrolmen hear this tone 
they turn up their receivers and get what- 
ever message is on the line. These car 
receivers will pick up messages at any 
point along the line patrol road, and the 
performance has been very satisfactory. 
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Figure 1. One-line diagram of Boulder Dam 
transmission line 


dry earth was probably somewhat small 
for the territory over which this line was 
to be built and would consequently give 
values of impedance that were low; on 
the other hand, considering the counter- 
poise as not being in contact with the 
earth should give values of impedance 
which were high. Because of the manner 
in which these two factors entered into 
the calculation of the zero-phase-sequence 
impedance of the line it was believed that 
the final results would, if anything, be 
slightly high, and since they were to be 
used in determining the minimum cur- 
rent conditions for protective relays this 
was far more desirable than impedance 
values which might be low. 

The line constants were first calculated 
for 50 cycles and a complete study of the 
short-circuit currents and voltages for all 
types of faults at each bussing point on 
the line was made. From this study it 
was apparent that if the shunt capaci- 
tance of the line was neglected the errors 
in current and potential, while quite large 
at some locations, were small at the loca- 
tions under consideration in this study, 
and were entirely negligible at the loca- 
tions which would be most difficult to 
protect. 

When it was definitely decided that the 
system frequency would be changed from 
50 cycles to 60 cycles it was a compara- 
tively simple matter to recalculate the 
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line characteristics, since a great deal of 
the work done during the 50-cycle cal- 
culation was not changed, and in view of 
the negligible errors introduced by neglect- 
ing shunt capacitance during the 50-cycle 
short-circuit study, it was decided to 
neglect this capacity in the 60-cycle study. 
The results of the 60-cycle study for 
three-phase and single-phase-to-ground 
faults have since been checked, using the 
distributed constants of the line and the 
above decision was entirely justified by 
these checks. 


The results of the short-circuit study 
indicated that, under minimum fault 
conditions, the current available for 
operation of the protective relays would 
be less than the maximum load current 
the line would be required to carry, that 
the most difficult fault to clear would be a 
phase-to-ground fault on the 132-kv side 
of the autotransformers at Century re- 
ceiving station and that with a phase- 
to-ground fault at this location when the 
parallel circuit was out of service the re- 
lays at Victorville could not be expected 
to function unless the delta connection of 
the autotransformer tertiary winding was 
opened. 


Trials of Equipment 


Carrier-current pilot protection seemed 
most desirable for these lines; however, 
it was felt that some operating experience 
with this type of protection should be 
had before a definite decision was made. 
Equipment of this type was purchased 
and installed on two parallel 132-kv 
transmission lines, together with a scheme 
of balanced current protection. 

Two different types of carrier pilot 
protection were used; one line was 
equipped with an intermittent carrier 
type in which carrier current is only trans- 
mitted when a blocking impulse is de- 
sired, because of external fault; the other 
line was equipped with a continuous 
carrier type in which carrier current is 
transmitted continuously, and only 
stopped at both ends when an internal 
fault occurs on the line. Both types per- 
formed quite satisfactorily during faults 
on the system, both internal and external, 
but the continuous carrier type had the 
disadvantages that it caused interference 
on nearby broadcast receivers, and that 
the tubes in this type were required to 
carry plate current continuously. 

The broadcast interference was due to 
the fact that it was impractical to operate 
the transmitters at the two ends of the 
line at exactly the same frequency and 
therefore an audible beat frequency equal 
to the difference between the two trans- 
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- mitter frequencies was produced. This 


audible beat frequency was heard in 
nearby broadcast receivers whenever 
these receivers were tuned near some 
multiple of either of the transmitter fre- 
quencies. 

While no trouble of a serious nature was. 
encountered with either of these equip- 
ments, other than that described above, 
the experience gained proved very valu- 
able in preparing specifications for the 
Boulder line relays and in adjusting that 
equipment when it was installed. 


Specifications 


In addition to all of the ordinary fea- 
tures that would be required of any 
scheme of line protection the following 
special requirements were considered 
highly desirable in the Boulder line pro- 
tection: (1) all faults on these lines 
should be cleared in not to exceed 0.15 
second from the inception of the fault, 
until the last breaker was open, and (2) 
the protection should be immune to opera- 
tion on an out-of-step or surging condi- 
tion. The only types of protection that 
would possibly fulfill both of these special 
requirements are high-speed current bal- 
ance protection and carrier-current pilot 
protection. 

The maximum time required by the oil 
circuit breaker on these lines is three 
cycles or 0.05 second, and at the time the 
specifications were written it was uncer- 
tain if operating time shorter than 0.05 
second could be obtained with carrier- 
current relays. This would mean that 
the settings of the carrier-current relays 
would have to be sufficiently sensitive to 
secure simultaneous operation of the re- 
lays at the two ends of a line section, or 
the total time would be extended beyond 
0.15 second. Such low settings were un- 
desirable and could be eliminated by the 
installation of high-speed current balance 
relays which would operate in 0.025 sec- 
ond or less so that even with full cascade 
operation of the relays and breakers at the 
two ends of a line section the total clear- 
ing time would not exceed 0.15 second. 

The specifications were prepared on the 
basis of using both carrier-current pilot 
protection and high-speed current balance 
protection and the following performance 
requirements written in: The current 
balance protection shall operate simul- 
taneously at both ends of a faulty circuit 
for any fault occurring within the center 
70 per cent of the electrical length of the 
circuit but may operate sequentially for 
faults occurring within 15 per cent of the 
electrical length of the line from either 
end. The time required by the relays in 
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either case shall not exceed 0,025 second. 
With one circuit of a section carrying 
300,000 kva and the other circuit open, 
fs circuit carrying the load shall not be 
tripped when the other circuit is closed 


at either end. 


, The carrier-current pilot protection as 


a whole shall: 


With minimum system condition and 
oth circuits of the section in service ener- 
gize the oil circuit breaker trip circuits at 
both ends of a faulty circuit in not to ex- 
ceed 0.05 second for all faults occurring 


within the center 70 per cent of the elec- 


oH 


trical length of the circuit. 


2. With minimum system condition and 
both circuits of the section in service ener- 
gize the oil circuit breaker trip circuits at 
the end of a faulty circuit adjacent to the 


fault in not to exceed 0.05 second for all 


faults occurring within 15 per cent of the 
electrical length of the line from that end, 
and shall energize the oil circuit breaker trip 
circuits at the end remote from the fault in 
not to exceed 0.05 second after the circuit is 
opened at the end adjacent to the fault. 
The above time requirement may be ex- 
ceeded if all voltages are less than five per 
cent of normal and no secondary current is 
greater than ten amperes. 


3. Not cause tripping for instability or ex- 
ternal faults under any condition. 


4. Clear ground faults occurring while the 
system is unstable without any purposely 
introduced time delay. 


5. Clear phase-to-phase and three-phase 
faults occurring while the system is unstable 
with the minimum practical delay consistent 
with the requirement that instability shall 
not cause tripping. 


6. Remain inoperative with a load of 
300,000 kva on any one circuit and no fault 
on the system. 


7. Not delay tripping for internal faults 
that occur immediately after any external 
fault except a three-phase external fault. 


8. Be entirely self-contained and shall not 
depend upon the operation of any piece of 
apparatus not directly associated with the 
line protected. 


Other requirements of a special nature 
were an automatic complete carrier trans- 
mission and reception check in both di- 
rections once every hour, and a pair of 
portable telephones that could be plugged 
into the relay carrier sets at the two ends 
of a circuit for temporary communication 
during adjustments. 


Description of Equipment 


Four high-speed current balance relays 
are used for each end of a pair of circuits, 
three for phase faults and one for ground 
faults. Each relay has two balance beam 
units and each unit is equipped with four 
coils and circuit-closing contacts for 
tripping two breakers. The coils are a 
current operating coil, a current restraint 
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Figure 2. Diagram of automatic carrier test 
relay showing internal and external connec- 
tions 


coil, a voltage restraint coil, and a d-c 
holding coil. The current operating coil 
of one unit is connected in series with the 
current restraint coil of the other unit, 
thus forming two separate current circuits 
for the relay which are connected one in 
the same phase-current-transformer sec- 
ondary circuit of each line. The units 
trip the two oil circuit breakers associated 
with the line supplying their operating 
current. 

The voltage restraint coils of the phase 
relays are supplied with phase-to-phase 
voltage, which leads the current used on 
the relay by 30 degrees at unity power 
factor. The voltage restraint coil on the 
ground relay is not ordinarily used. 

A carrier-current pilot relay is used in 
which all of the necessary relay elements 
for the complete protection of a line 
terminal are incorporated in one case. 
This relay and the scheme of protection 
used is the same as described by Traver 
and Bancker,! except that two ground- 
fault detector elements are used and the 
functions of the ground-fault detector 
in the relay described are divided between 
these two in the same manner as they are 
with the phase fault detectors. In 
addition a normally open contact on the 
A ground-fault detector shunts the con- 
tacts of the block cut-off and block con- 
tinuing units in the master oscillator grid 
circuit to prevent any delay in tripping 
ground faults occurring during instability. 

An automatic carrier test relay and two 
auxiliary interposing relays in separate 
cases are used for each line circuit termi- 
nal in addition to the carrier pilot relay. 
The interposing relays are used one be- 
tween the automatic carrier test relay 
and the master oscillator grid circuit, and 
the other between automatic test relay 
and the alarm circuits. A schematic 
circuit diagram of the automatic carrier 
test is shown in figure 2. The automatic 
carrier test relay contains a main and an 
auxiliary sychronous-motor-driven cam 
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shaft, and an alarm setup relay element. 


. The motors receive energy from the ca- 


pacitor potential devices connected di- 
rectly to the line and the main motor op- 
erates continuously, driving its cam shaft 
at one revolution per hour and operating 
three separate sets of contacts at 20-minute 
intervals. The auxiliary motor drives its 
cam shaft at the rate of four revolutions 
per minute but it is controlled by one set 
of contacts on the main cam shaft in such 
a manner that it only travels one revolu- 
tion, in two steps of approximately one- 
half revolution each, for each revolution 
of the main cam shaft. A set of contacts 
actuated by the auxiliary cam shaft 
causes the carrier transmitter to operate 
for a period of 0.5 second and the only 
function of the auxiliary motor and cam 
shaft is to obtain this very short opera- 
tion of the carrier transmitter, which 
could not be reliably obtained with a 
contact actuated directly by the slower- 
moving main cam _ shaft. Twenty 
minutes after the operation of the first 
set of contacts on the main cam shaft the 
second set of contacts picks up the alarm 
setup relay element which locks itself in, 
then 20 minutes later the third set of 
contacts on the main cam shaft completes 
the alarm circuit unless the alarm setup 
relay element has been released in the 
meantime by operation of the receiver 
test unit in the carrier pilot relay. 


The main cam shafts on the automatic 
test relays at the two ends of a line circuit 
are set 180 degrees or 30 minutes apart 
and always remain in the same relative 
positions since they are always energized 
and de-energized together, thus carrier is 
transmitted from the remote end of the 
circuit midway between the operation of 
the second and third set of local contacts 
and no alarm will be given unless the 
carrier signal is not received locally. The 
receiver test unit has a pickup setting 
that is 25 per cent greater than the re- 
ceiver blocking unit so that the gradual 
reduction of the received carrier signal 
which might be caused by the falling off 
in emission of a tube will give an alarm 
before actual failure has taken place. 

The portable telephones can be plugged 
in either at the relays or at the carrier 
sets and a transfer circuit is arranged so 
that the portable telephones can be set 
up at the carrier sets on one line but the 
carrier sets on the other line used for 
communication. The circuits are so ar- 
ranged that the operation of the carrier 
test, either manual or automatic, or the 
use of the portable telephones will not in 
any way interfere with the correct opera- 
tion of the relays should a fault occur 
while any of these were in operation. 
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The carrier sets are contained in double- 
walled thermal-insulated metal cabinets 
which are mounted on the switch rack 
near the coupling capacitors. These 
sets consist of a line tuning and safety 
panel, a transmitter-receiver shelf, and a 
power rectifier shelf. The transmitter is 
a single-tube miaster oscillator with a 
push-pull type amplifier and has an out- 
put of approximately 25 watts. The re- 
ceiver uses a single three-element tube of 
the same type used in tlie oscillator and 
amplifier. All tubes are biased to cut off 
when no signal is being transmitted or re- 
ceived. Grid bias voltage is obtained di- 
rectly from the station control battery and 
the filament and plate supply is obtained 
from motor generators which are driven 
from the control battery. 

Copper-oxide rectifiers are used as 
valves in the tripping circuits of all oil 
circuit breakers, as shown in figure 3, to 
prevent false tripping in the event these 
trip circuits should be tied together 
through the contacts of some of the pro- 
tective relays which are blocked either 
automatically or manually. This is be- 
lieved to be the first time copper-oxide 
rectifiers were ever used for this purpose, 
and saves the time of auxiliary tripping 
relays or the complication of a pallet 
switch interlock scheme which might be 
used for the same purpose. 


Potential for the relays is obtained from 
three capacitor potential devices con- 
nected directly to each line end at all 
points except Century receiving station 
where potential for all the relays except 
the automatic test relay is obtained from 
either of the two 132-kv bus potential 
transformer banks through a manually 
operated transfer relay. The auto-test 
relays at this station are supplied from a 
single capacitor potential device con- 
nected directly to each line. 


Current is supplied from cascade-type 
current transformers in the impulse-type 
oil circuit breakers at all locations except 
Boulder, where the conventional bushing- 
type current transformers on the oil cir- 
cuit breaker bushings are used. 

The relay carrier sets are coupled be- 
tween A phase and ground on all circuits 
using the same coupling capacitors as are 
used for the potential devices. A wave 
trap which can be tuned to any frequency 
from 50 to 150 kilocycles is connected into 
the line at each end between the coupling 
capacitor and the station, 

A single-pole oil circuit breaker is in- 
stalled in the delta connection of the 
tertiary windings on each of the auto- 
transformer banks at Century receiving 
station. This breaker is for the sole pur- 
pose of opening this delta connection in 
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Figure 3. Schematic diagram of tripping cir- 
cuits showing use of copper-oxide rectifiers 


the event of a phase-to-ground fault be- 
tween the bank and the 132-kv breakers, 
when the parallel line circuit is out of serv- 
ice, so that sufficient residual current 
will flow at Victorville to operate the re- 
lays at that point. This single-pole 
breaker is tripped by an inverse-time ex- 
cess-current relay operated by circulating 
current in the delta connection. A mini- 
mum time setting of approximately 0.3 
second will prevent this relay from operat- 
ing under conditions when it is not neces- 
sary and will allow it to operate when 
necessary in a sufficiently short time to 
prevent serious damage by the fault. 
System stability will not be affected by 
the time of operation of this relay be- 
cause, under the condition when it is 
necessary for this relay to operate, the 
system will have been separated from 
Boulder power plant and the fault by the 
carrier-current protection at Century 
receiving station. 

High-voltage leading-current _protec- 
tion is installed on these lines at Century 
receiving station that will automatically 
open both lines in the event the lines 
should be opened at Silver Lake switching 
station or at Boulder and the leading 
kilovolt-amperes of the lines should cause 
high voltage on the receiving-station bus. 


Tests 


The high-speed current balance relays 
and the carrier-current pilot relays were 
all tested at the factory, using two test 
tables as described by Traver and 
Bancker' to simulate the actual line condi- 
tions under which these relays would be 
required to operate in service. Two of the 
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carrier sets which were to be used with 
these relays on the line were used in the 
tests and coupled together through an 
artificial transmission line. All types of 
faults, both internal and external as well 
as out-of-step and surging conditions in 
which the electrical center of the system 
fell within and outside of the protected 
line were tried. Oscillograms were taken 
of each test and the operations of the re- 
lays were entirely satisfactory. As a 
matter of fact the tripping time of the 
carrier-current relays was considerably 
shorter than was required by the specifica- 
tions due to the development of the so- 
called one-cycle scheme of carrier-cur- 
rent protection between the time of writ- 
ing the specifications and the start of 
manufacture of the equipment. 


Installation 


Upon receipt of the equipment at Los 
Angeles each element of the relays was 
checked to make sure that the adjust- 
ments had not been disturbed during 
transportation. Carrier frequencies be- 
tween 110 and 150 kilocycles were as- 
signed to the various circuits, an attempt 
being made to keep as wide a separation 
as possible between the frequencies as- 
signed to parallel circuits and to circuits 
terminating in the same stations. The 
wave traps for each section were tuned be- 
fore installation and marked for the sta- 
tion, line, and phase in which they were to 
be installed. 

The carrier sets were installed and 
ready to operate before work was com- 
pleted on the lines themselves and to save 
time it was decided to adjust these sets 
without interfering in any way with the 
work on the line and to check these ad- 
justments when the line was completed, 
making any readjustments necessary at 
that time. To make these adjustments a 
ground was placed on the line side of the 
coupling capacitors and a noninductive 
resistor connected in series with the 
carrier lead-in wire to limit the output of 
the transmitters. A resonant-type wave 
meter was used to set the oscillators to 
their assigned frequencies and then, using 
the transmitters as a source, the line 
coupling and the receiver primary and 
secondary were tuned to resonance. The 
coupling of the oscillator transformer and 
the receiver transformer were adjusted 
at the same time. After all sets had been 
adjusted by this method and the lines 
had been completed a check was made be- 
tween the two ends of each line circuit, 
which revealed that operation would have 
been entirely satisfactory on all circuits 
without any further adjustments and the 
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only improvement that could be made was 
a readjustment of the receiver primary 
tuning, which increased the received 
signal by a very slight amount. The 
usual wiring check and over-all tripping 
tests were made before placing the relays 
Be rcrvice, 


Operating Experience 


The amount of trouble experienced with 
the protective equipment on these lines is 
considered remarkably small in view of 
the size and extent of this project. What 

| trouble has been experienced can be 

classified under four different headings, 
(1) vacuum tubes, (2) rectifiers, (3) wave 

traps, and (4) switching transients. 


(1) Vacuum TUBES 


This trouble is hardly worthy of men- 
tion in that out of a total of 60 vacuum 
tubes used in the relay carrier sets, one 
rectifier tube has failed in a year of con- 
tinuous operation. 


(2) RECTIFIERS 


Potential restraint for the phase-fault 
detector elements of the carrier-current 
relays is secured from the line potential 
devices through full-wave copper-oxide 
rectifiers. This is done to secure pickup 
characteristics of these elements which 
are practically independent of phase angle 
and to reduce the potential burden of the 
relay. Shortly after the line was placed 
in service these rectifiers failed in one of 
the relays. The failure occurred at a 
desert switching station which was the 
highest voltage point of the line under the 
operating condition at that time and 
where the ambient temperature was high, 
although not unusually so for that loca- 
tion. Upon investigation it was found 
that these rectifiers at all locations were 
operating at temperatures higher than 
were desirable and additional ventilation 
was provided by portable electric fans as 
a temporary remedy and no further 
trouble was experienced. New rectifiers 
of the same type but with 28 per cent 
more plates were installed and a resistor, 
which was the principal source of heat in 
the relay case where the rectifiers are 
mounted, was replaced by an external 
resistor. Since this change was made the 
equipment has been in operation through 
a summer season without undue heating 
of the rectifiers and no further trouble has 
been experienced. 


(3) Wave TRAPS 


The line wave traps used with the 
carrier relays were tuned to resonance 
at the assigned frequency by a group of 


Aprit 1939, VoL. 58 


fixed condensers and a variable condenser 
which was used to obtain capacities in 
between those that could be obtained by 
different grouping of the fixed condensers. 
Shortly after the beginning of the light- 
ning season along the line failure of 
carrier was indicated on one circuit by the 
operation of the automatic carrier test 
alarm. Upon investigation the trouble 
was located in one of the line wave traps. 
Flashover had occurred between the 
plates of the variable condenser and had 
eventually built up a globule of the plate 
material which shorted the condenser and 
detuned the trap. This same trouble oc- 
curred on several other traps at various 
times and in each case was revealed by 
the automatic test equipment within a 
few minutes after it had occurred. Asa 
temporary expedient the short was re- 
moved with a file in each case and the 
trap returned to service. Asa permanent 
cure the variable condensers were re- 
placed by a small variable inductance in 
series with a group of fixed condensers 
and this has apparently completely elimi- 
nated the trouble. 


(4) SwiTcHING TRANSIENTS 


When switching operations are carried 
out on these lines quite large transient 
currents flow. The only time these 
transient currents have caused trouble 
with the relays is when a line circuit is 
picked up at normal voltage or when an 
unloaded circuit is paralleled with a circuit 
that is carrying load. All trouble ex- 
perienced has been with the ground re- 
lays. Numerous oscillograms have been 
taken which reveal that these transients 
have frequencies from 120 cycles to up- 
ward of 700 cycles per second with or 
without a d-c component. The d-c com- 
ponent appears when an unloaded circuit 
is paralleled with a loaded circuit and also 
when a circuit containing the autotrans- 
formers is energized. The high-fre- 
quency transient appears in practically 
all cases but is apparently suppressed 
when the d-c component is present. 

The minimum pickup of the balance 
current ground relays was increased from 
one ampere to two amperes at all locations 
and in addition at Century receiving sta- 
tion these relays were further desensitized 
for a short period of time after paralleling 
the two circuits by energizing the poten- 
tial restraint coils from the control battery 
when one or both circuits are open, and 
removing this potential restraint auto- 
matically approximately two seconds 
after the lines are paralleled. This 
method has apparently cured the trouble 
in so far as the current balance relays are 
concerned, and since it introduces no ob- 
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jectionable restrictions to their operation 
on faults is considered as permanent. 

The minimum pickup of the ground- 
fault detector elements in the carrier- 
current pilot protection was increased 
from 1 ampere to 3 amperes for the start- 
ing, or A detectors, and from 1'/, amperes 
to 4 amperes for the tripping, or B de- 
tectors. No trouble has been experienced 
since these settings were increased and 
they are still sufficiently low to clear all 
ground faults; however, this method is 
objectionable because under some mini- 
mum conditions the time of clearing will 
be extended longer than is desirable. 

A transient filter has been developed 
for use with the ground tripping fault 
detector that will effectively block all 
frequencies of 120 cycles and above, as 
well as d-c transients, from the fault-de- 
tector coil without materially affecting 
the pickup characteristic of the detector 
on frequencies from 35 cycles to 85 cycles. 
These filters are being manufactured at 
the present time and when installed will 
permit resetting the ground-fault detec- 
tors to their original pickup values. No 
filter will be used with the starting-fault 
detector since there is no objection to 
its operation by the transient currents. 


During the extremely severe flood 
conditions of March 2, 1938, one of the 
twin-circuit towers on the Victorville- 
Century section of the lines was washed 
out, causing a fault first on the north 
line and six minutes later on the south 
line. The north line was cleared by the 
balanced current protection at both 
Victorville and Century in a total time 
of 3!/2 cycles. The south line was cleared 
by the carrier-current protection in 51/2 
cycles at Century and 10*/2 cycles at 
Victorville. 

The fault on each line was single-phase- 
to-ground and the longer time required 
at Victorville was due to the ground cur- 
rent being only slightly above the pickup 
settings of the ground-fault detector ele- 
ments. If the transient filters described 
above had been installed at this time and 
the pickup settings of the ground-fault 
detectors restored to their original values, 
the time required for clearing the south 
line at Victorville would have been con- 
siderably reduced and would probably 
have been of the same order as the time 
at Century. 

These faults, as well as numerous other 
faults which have occurred on the sys- 
tem at various times, have demonstrated 
the ability of the carrier-current pro- 
tection properly to block tripping on 
through fault conditions. 

During the oscillographic investiga- 
tions of the switching transients simul- 


TRANSACTIONS 155 


taneous records at the two ends of a 90- 
mile circuit were obtained in the follow- 
ing manner: Load was being carried over 
one circuit between Boulder and Victor- 
ville and records of the terminal condi- 
tions of the loaded circuit at both Boulder 
and Silver Lake and the Silver Lake 
terminal conditions of the dead Silver 
Lake-Victorville circuit were desired at 
the instant of energizing the Silver Lake- 
Victorville circuit at Silver Lake. A six- 
element oscillograph was used at Boulder, 
and two oscillographs, a nine-element and 
a three-element, with their drums me- 
chanically tied together, were used at 
Silver Lake, giving six elements for each 
line terminal being considered. A con- 
tact on the drum shafts at each station 
was used to sound a buzzer once for each 
revolution of the drums The control 
circuit for the oscillograph shutter and 
oil circuit breaker closing at Silver Lake 
were arranged so that by closing a single 
contact both functions would occur in 
the proper order to obtain a record of the 
change in line terminal conditions when 
the breaker contacts closed. The control 
circuit for the oscillograph shutter at 
Boulder was arranged in the same way so 
that all that was necessary was to syn- 
chronize the film drums at the two sta- 
tions and close the initiating contacts in 
both stations at the same time. The 
synchronization of the film drums was 
accomplished by placing the buzzer at 
Boulder near the microphone of the 
carrier telephone; the operator at Silver 
Lake was then able to hear both buzzers 
and adjusted the speed of the Silver Lake 
film drum until both buzzers sounded at 
the same time. 


The operation of the initiating contacts 
at the same time was accomplished by 
taking the carrier-current supervisory 
control equipment out of service and 
using the receiver relay at both Boulder 
and Silver Lake to close the initiating 
circuits. When all was in readiness the 
operator at Silver Lake synchronized the 
film drums and then pressed a button, 
which started the local supervisory-con- 
trol carrier transmitter. 

The carrier signal being received at 
both stations simultaneously, closed both 
initiating contacts at the same time. The 
drum speeds used gave a total record of 
approximately 30 cycles and not a single 
shot was missed because of this method. 
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Discussion 


Abe Tilles (University of California, 
Berkeley): I am certain that I speak for 
all present in expressing thanks to the 
Department of Water and Power for their 
broadmindedness in making public these 
interesting details regarding the few items 
of trouble that have occurred. 

A number of questions come to mind 
regarding this outstanding transmission 
project. I am not sure to which member 
of this Department of Water and Power 
team of experts each of these questions 
falls, but I believe they will be able to 
sort them out without difficulty. 

It was mentioned that the sending-end 
voltage of the line is being altered as the 
load varies: To what degree of refinement 
has it been found desirable to do this? Is 
the voltage setting changed manually by 
the operator in accordance with the load 
schedule, or is the voltage regulator initially 
adjusted to give continuous compounding 
of the generator voltage? How long does 
it take to put a generator on the line from 
a standstill? To what extent is automatic 
synchronizing equipment in use at present? 
What is the procedure in energizing the 
line? 

It was mentioned that control and re- 
laying equipment for the contemplated 
third line will fit along side of, and be 
similar to, the existing equipment. Is this 
the case at the switching stations as well 
as at Boulder? How far physically will 
the third line be from the others? Will 
it be generally similar and divided into 
sections? With three lines in parallel 
complications arise in a scheme of high- 
speed parallel protection. How, in a 
general way, will the three lines be pro- 
tected? If the receiving third of the third 
line is not directly in parallel, can the carrier- 
controlled relaying on that section be 
sped up? 

It was mentioned that tube failures in 
the carrier relay circuit act to operate an 
alarm. Is my understanding correct that 
the worst possible condition the failure of 
the carrier relay equipment can produce is 
the tripping out of a line section on a 
through fault? Has this ever happened? 

It would seem that a failure in the tube 
circuits of the supervisory control equip- 
ment at the control point, if it occurred 
in just the right place at just the wrong 
time, might cause serious operating diffi- 
culties. What are the most drastic conse- 
quences which it is supposed might on 
rare occasions occur? How long would it 
take to isolate and replace such faulty 
tubes, ete.? 

The performance expected of this project 
was of such an unusually high caliber, and 
many of the technical features were so 
far developed beyond previous practice, 
that it is no small achievement for these 
gentlemen to be able to say that this trans- 
mission project is living up to their expecta- 
tions. To single out one item for example, 
the lightning record of the line is worthy of 
attention. Here, at last, is a line that 
“can take it.’ Three years of lightning, 
including a large number and variety of 
recorded direct strokes have not produced 
a single insulation failure. This is what was 
expected. True. It is none the less awe- 
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inspiring to contemplate the proved fact. © 

These gentlemen of the Department of 
Water and Power of the City of Los Angeles 
are, indeed, to be congratulated on the 
results of their labors. 


K. B. McEachron (General Electric Com- 
pany, Pittsfield, Mass.): Those who are 
concerned with the protection of trans- 
mission lines from the effects of lightning 
are naturally much interested in learning 
of the excellent results obtained with the 
Boulder Dam transmission line as described 
by Mr. Cozzens. The experience records 
obtained add materially to the existing. 
knowledge of lightning. I am especially 
interested because most of the lightning 
data obtained thus far have been secured 
in the East, and yet the results from the 
Boulder Dam transmission line agree very 
well in general with what would be ex- 
pected, based on results obtained in the 
eastern part of the United States. This 
tends to support the general conclusion 
that lightning is not particularly different 
in the western part of the country than it 
is in the East. If the general conclusions 
can be substantiated, it will make the large 
amount of data already obtained of greater 
value, since it becomes more widely ap- 
plicable. There is no doubt but that the 
severity of lightning storms are related 
to meteorological conditions, which are of 
course different in different parts of the 
country, which consideration would lead 
one to expect to find variations with respect 
to localities widely separated. These varia- 
tions, if they exist, may however be covered 
up by other variations which have not been 
recognized. 

Mr. Cozzens used a stroke surge im- 
pedance of 200 ohms, which, at the time 
the line was designed, and still is, a value 
used frequently when making line flashover 
calculations. I believe that considerable 
doubt surrounds the use of a surge im- 
pedance for a stroke channel, but the results 
obtained using values ranging from 200 
ohms to 400 ohms have been reasonable, 
and experience seems to show that the 
answer obtained using such surge imped- 
ances is about right. 

I do not believe, however, that the mecha- 
nism of discharge is at all similar to 
the discharge of a charged capacitance 
through a conductor. In the case of out- 
door lightning, the cloud consists of charged 
drops of water or particles of ice separated 
by an air dielectric. At the time a stepped 
leader leaves the cloud to progress toward 
the ground in a series of steps, charges of 
opposite sign to that of the base of the 
cloud are accumulated on the ground 
These charges, usually positive in sign, 
because the cloud seems to be usually 
negative, can move in toward the point 
to be struck with little voltage drop where 
conducting objects like counterpoises are 
available for carrying the charges. As the 
negative leader progresses, requiring often 
as long as 0.01 second to reach the earth, 
it produces a space charge around its own 
channel, 

When the downcoming leader is within 
a few hundred feet of the ground, the 
increase in field intensity on the surface 
of the earth is often sufficient to cause a 
concentration of charge at the point to be 
struck of a magnitude which forms streamers 
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hich may extend several feet from the 
earth. These streamers increase in length 
as the downcoming leader approaches, until 
Be leader makes contact, presumably 
with the longest streamer, after which the 
return stroke takes place between the earth 
nd the cloud. 
} ; McEachron and MeMorris (“The Light- 
ning Stroke: Mechanism of Discharge,” 
General Electric Review, October 1936) 
have suggested that the current builds 
up to a maximum during the time occupied 
by the step leader in traversing the last 
few hundred feet from the earth. The 
maximum current occurs at the time of 
‘contact, and as far as the current wave 
through the stricken object is concerned, 
the wave tail takes place during the return 
stroke. If this return stroke fails, as it 
sometimes does, to reach the cloud, it is 
possible to calculate the length of the tail, 
‘knowing the rate of propagation of the 
return stroke. On the other hand, if the 
return stroke reaches the cloud, the length 
of the tail will be dependent upon the 
conditions in the cloud. Additional charge 
_ may be available, or new regions tapped in 
the cloud, giving rise to a long tail or toa 
multiple stroke. 
With this conception, the rate of rise 
of current is dependent upon the amount 
of charge in the leader and its rate of propa- 
gation. The maximum current is de- 
pendent upon the amount of charge and 
its availability on the ground at the point 
‘struck. The tail of the wave results from 
the flow of charge from the earth into the 
‘channel created by the leader. 

Data are not yet available to support 
completely the foregoing, but nevertheless 
sufficient data are at hand to indicate 
strongly the probability of the mechanism 
indicated. Propagation data on a large 
number of strokes are available, and the 
existence of streamers up from the ground 
thas been identified through photographic 
evidence. Much remains to be done, and 
work is actually progressing, which should 
add materially to the information available 
as to just what does happen at the instant 
of contact. 

Mr. Cozzens has commented on the 
presence of corona in the ground around 
the counterpoise wires. There is no doubt 
that corona and sparks exist when the 
potential of the counterpoise is high enough. 
Impulse tests on ground rods of fairly high 
resistance earth have shown reductions of 
the order of 40 per cent in resistance com- 
pared to the low-voltage measurements. 
‘Corona, coupled with a series and multiple 
gap effect, no doubt played an important 
part in this reduction. 

Under the heading “Operation and 
Measurements,” Mr. Cozzens discusses 
the size and character of the burn on the 
tower gap in relation to the magnitude 
of the current flowing through the gap. 
There is no question in my mind but that 
considerable information can be obtained 
in this manner. However, I do wish to 
point out that there is considerably more 
to this picture than the current amplitude. 
In the studies of lightning to the Empire 
State Building (EE, Dec. ’38, P. 493-505), 
I describe a type of stroke which I have 
called ‘continuing,’ which is really a d-c 
arc between the cloud and the ground. 
In one case, a current of the order of 250 
amperes or more flowed for a time of 0.51 
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second or slightly longer than a period cor- 
responding to 30 cycles of the usual power- 
frequency supply. This particular stroke 
had a superimposed peak of 13,000 amperes 
together with many smaller peaks. These 
results are obtained from an oscillogram 
of the stroke. 

Laboratory tests show clearly that the 
type of burn to which Mr. Cozzens referred 
as resembling a 60-cycle burn can be caused 
by a continuing stroke. Burns showing 
beads are not as a rule associated with high- 
current short-time discharges but with the 
longer time discharges, which will, in general, 
be of much lower magnitude, although 
they may have high superimposed peaks. 
This situation, of which I have obtained 
oscillographic evidence in which the ex- 
plosive effects of high-current short-time 
discharges are combined with the burning 
effects of low-current long-time discharges 
tends to confuse the story to be obtained 
from burns on gaps, at least in some cases. 

Mr. Cozzens also suggests the possibility 
of multiple strokes moving across a dis- 
tance of 265 feet from one tower line to the 
other. Such a possibility seems very 
remote to me in view of our latest data. 
The maximum time of discharge of which I 
am aware is 1.53 seconds obtained in 1937 
in New York City. It would require a 
118 mile wind and a stroke duration of 1.53 
seconds to affect both lines from the point 
of view of blowing the discharge path from 
one circuit to the other. Such a combi- 
nation of high wind at right angles to the 
line, and of maximum duration, is ex- 
tremely doubtful. There is one other 
possible explanation, but it too is not 
likely to occur. I have photographic rec- 
ords of two multiple strokes which changed 
their paths on the ground end between 
successive strokes a distance of several 
hundred feet, apparently due to change in 
local ionization conditions. This phenome- 
non is most unusual, which might be 
invoked to explain the results obtained by 
Mr. Cozzens. It seems more likely to me 
that the strokes were successive in the same 
storm but not in the same stroke. 


P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
One feature which distinguishes this in- 
vestigation is that Mr. Cozzens has availed 
himself of a number of suitable and simple 
devices to measure the lightning currents 
to the line. From each, one or more 
characteristics of the lightning stroke are 
recorded and from the combined recorded 
effects a more complete appraisal is possible 
both in regard to the current amplitude, 
the duration, and also other characteristics 
of the discharge. 

The writer has long advocated 
advantage must be taken of all suitable 
means if lightning phenomena are to be 
investigated on a comprehensive — basis. 
The magnetic link has shown its usefulness 
in recording the crest of the current—an 
important factor to know in lightning pro- 
tection. Surface burning of metal parts, 
such as the tower gaps on the Boulder Dam 
line, and in addition fusion of metal links 
and other similar means contribute to de- 
termine the current amplitude and the 
nature of the discharge. 

For example, test results obtained at 
Sharon during the past year have estab- 
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lished that currents in the order of a few 
thousand amperes sustained several thou- 
sand microseconds produce concentrated 
fusion effects similar to that in figure 2B. 
As it already had been suspected a few 
years ago, this fusion apparently results 
from such current components being 
present in the discharge of certain lightning 
strokes. The concentrated arc and sus- 
tained are drop of these current components 
thus produce fusion effects resembling those 
of the power are. 

In this connection the photographic 
studies during the past five years by 
Doctor B. F. J. Schonland and his asso- 
ciates (‘Progressive Lightning—III,” Pro- 
ceedings of the Royal Society, September 
1937) clearly show that the high current, 
which results from the main stroke dis- 
charging from earth into the established 
channel and the main branches, takes 
place in some 100 microseconds. This 
intense discharge is followed by a sequence 
of moderate current components extending 
into hundreds and even thousands of micro- 
seconds. The source of these current 
components seems to reside largely in the 
cloud and are due to a continuation of the 
lightning discharge in the cloud proper. 
While visual accuracy may be questioned, 
it is apparent to those who have closely 
observed lightning that some of the pro- 
longed discharges are in the nature of low 
currents sustained in some instances in 
the order of one second. In analyzing the 
fusion effects account must furthermore 
be taken of multiple lightning strokes. 

Tests made on aluminum sheets will 
illustrate the distinct character of the 
surface fusion produced respectively by 
the intense current of short duration and 
by the moderate current components sus- 
tained for a much longer time. Currents 
of 125,000 amperes having a total duration 
of some 400 microseconds produced surface 
burning concentrated in a °/s-inch diameter 
circle quite similar to those in figure 1. It 
is estimated that the metal was fused in 
the test about 0.005 inch below the surface. 
Tests made on a 0.035-inch aluminum sheet 
with a 330-ampere current of 108,000- 
microsecond duration (interrupted in 61/2 
cycles) burned a 1/s-inch diameter hole 
practically through the sheet. In addition 
four smaller spots were fused in the sheet. 


E. H. Bancker (General Electric Company, 
Schenectady, N. Y.): There are several 
items in Mr. Draper’s paper that strike 
me as worthy of comment. The first of 
these is the great amount of careful pre- 
liminary engineering which was done in 
connection with the transmission line 
problem for this project. Under the head- 
ing “Specifications” Mr. Draper gives an 
operating time for the protective system 
that was written into the specifications, 
without any statement of how and why 
these figures were reached. It seems to 
me that it might interest many of you to 
know that if a relay system having these 
characteristics had not been available, it 
would have been necessary to have con- 
structed a third transmission line to carry 
the same amount of power through short 
circuits with maintained stability. This 
is probably an extreme case illustrating 
the economic benefits that may result from 
improved relaying. By the expenditure 
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of a few thousand dollars in relay equip- 
ment, the cost of a several million dollar 
transmission line was deferred until a higher 
load condition was reached. 

The second item of interest is the state- 
ment under “Specifications” that the pro- 
tection should be immune to operation on 
an out-of-step or surging condition. Under 
ordinary circumstances the balanced cur- 
rent relaying will do most of the fault 
clearing, but obviously each section must 
have some form of single-line relaying. It 
may not be appreciated that in this in- 
stance, the ability to refrain from tripping 
is a most important requirement for the 
single-line relaying. If this were to trip 
on the power swings following the opera- 
tion of the balanced relays, the tie between 
the Boulder Plant and Los Angeles would 
be lost. This requirement ruled out as 
back-up protection for single-line operation 
even such simple things as time-over- 
current relays, because even they would 
‘notch closed on successive power swings. 
It is rather curious, therefore, that the prin- 
cipal requirement of part of the protective 
relaying system is not that it shall trip, 
but that it shall refrain from tripping. 
This was a performance not obtainable with 
any other kind of relays, except pilot pro- 
tection. 

The chief item of interest to me in this 
paper is the operating experience. It is 
in actual operation that the little un- 
expected kinks and wrinkles develop and 
must be ironed out. The experience with 
the tubes is not unusual, but merely con- 
firms that of other utilities having carrier 
equipment. Some of the other experiences 
were rather novel, particularly the opera- 
tion of the ground relays when a section of 
line was picked up by closing an oil circuit 
breaker. Every one knows that the three 
poles of a circuit breaker do not close at 
exactly the same instant, but with types of 
relaying in service and at voltages pre- 
viously used, the effect of the non-simul- 
taneous pole closing was not noticed in 
any relay action. In this case the un- 
usually high voltage and length of the line 
section resulted in a residual current that 
was big enough, lasted long enough, and 
was in the right direction to cause the 
ground relay to operate to trip. The 
solution of bypassing the high frequency 
that resulted from these Switching opera- 
tions around the tripping relay coil is 
merely another example of the high order 
of engineering that has gone into the de- 
sign and maintenance of the equipment 
on the Boulder line. 

The methods devised for synchronizing 
the oscillographs at two stations and tying 
them in with the closing of a circuit breaker 
was most ingenious and highly effective. 
I have seen a number of the records taken 
in this way and can vouch for the success 
in recording a large number of electrical 
quantities at widely separated points with 
a high enough oscillograph film speed so 
that individual cycles can be studied and 
accurate time records of the performance 
of different parts of the equipment made. 

Another interesting item is the use of 
copper-oxide rectifiers as check valves in 
trip circuits. As Mr, Draper says, this is 
probably the first practical use that has 
been made of this scheme. While it may 
seem a little thing, again it has considerable 
economic importance because it permits 


158 TRANSACTIONS 


energizing the circuit breaker trip coils 
without the wasted time needed to operate 
an auxiliary relay which would partially 
undo the good accomplished through the 
purchase of three-cycle circuit breakers. 
In conclusion, I should like to acknowl- 
edge publicly the fine spirit of co-operation 
exhibited by Mr. Draper and his associates 
during the investigation and correction of 
the troubles mentioned under ‘Operating 
Experience.”” When users and manu- 
facturers work together with such a fine 
mutual understanding of each other’s 
problems an amicable and_ satisfactory 
solution is reached quickly and easily. 


R. W. Sorensen (California Institute of 
Technology, Pasadena): Thése papers, 
together with certain other papers included 
in the symposium, present to the Institute 
membership the results of almost two 
years of operation of the present world’s 
outstanding supervoltage power line. The 
data as presented again exemplify the 
mastery of electrical phenomena which 
competent electrical engineers have. In 
spite of many unusual storm conditions 
and new features involved in this line, the 
engineers who planned, designed, erected, 
and operated it have so completely analyzed 
all the problems involved and so well an- 
ticipated transient outages which have 9c- 
curred as to make possible this first two 
years of operation without any very serious 
interference with the power supply for a 
great community of people. 

When we stop to consider the fact that 
coupled with all the features of engineering 
which have been named there was also a 
change of frequency program involving a 
change from 50 cycles to 60 cycles for the 
entire system, we certainly would be remiss 
if we did not compliment the Bureau of 
Water and Power staff on its outstanding 
achievement. In reciting this well-earned 
tribute we must not fail to note the courage 
shown by these men in going to a voltage 
of 287.5 kv when, without additional ex- 
pense or probably at even less expense, the 
same amount of power could have been 
transmitted over 230-kyv lines, the con- 
struction and operation of which has be- 
come more or less standardized. 

The lightning protection for the line and 
the way it has functioned has been so com- 
plete and satisfactory that there are few 
points leading to any discussion. It is 
interesting to note that a considerable 
portion of this line—although we generally 
consider California a nonlightning coun- 
try—passes through a territory subject to 
lightning storms, the number of which 
approximates the average number oc- 
curring in many parts of the United States. 
Indeed the data presented indicate that the 
severity of these storms is rather high and 
it would be difficult to Overestimate the 
thoroughness with which Peterson and 
Cozzens have analyzed the lightning prob- 
lems and the effectiveness of the measures 
for guarding against lightning outages which 
they have included in their line design. 

The corona experience on the Boulder 
Dam line as discussed presents some 
interesting features in showing a difference 
between corona loss values as made on 
sections of line crossing the desert areas 
and the preconstruction corona loss meas- 
urements made in the Ryan Laboratory. 
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Without doubt both sets of measurements 
are correct and we have before us the 
striking situation of an increased corona 
loss in desert areas over that anticipated. 

I do not think any unexpected corona loss 

has ever been noticed on the considerable 

number of miles of 230-kv lines which for 

years have operated in similar desert areas. 

There is a possibility that certain sections 

of the 230-kv lines which traverse desert — 
areas to some extent might show corona 

loss over that found in nondesert areas, 

which simply has not been observed 

because, as the authors have pointed out, 

the measurement of corona loss on an 

actual transmission line traversing many 

kinds of country at different altitudes is’ 
no easy matter and none of the lines—the 

one under discussion or the 230-ky lines 

which I have in mind—has any great 

amount of kilowatt-hour corona loss. On 

the other hand, it may be that the condi- 

tions which are essential for the operation 

of 287.5-kv lines; namely, large diameter 

conductor and this higher voltage, introduce 

factors which are not so noticeable at 230 

ky and hence do not demand the attention 

at 230 kv which must be given them at 

perhaps 287.5 kv and higher—should we 

in the future raise our transmission voltages 

to some higher value. 

It is interesting to comment here that 
10 years elapsed between the installation 
of 150-kv lines and 230-ky lines—the 
maximum potential up to the installation 
of the 287.5-kv lines—and that 15 years 
have elapsed since the 230-kv lines went 
into operation; and now we have 287.5-kv 
lines. 

To return to the unexpected excess 
corona loss on the desert, I will just present 
for our consideration a report of my ob- 
servations concerning corona phenomena 
which may be noted any time in the high- 
voltage laboratory at the California In- 
stitute of Technology. We have installed 
in the laboratory a smooth bus 31/, inches 
in diameter. With voltages approaching 
300 kv applied to this bus, we note that 
while the complete bus does not go into 
corona, trees or brushes of corona and 
sometimes quite definite brush discharges 
will be noted at points along the bus. These 
discharges seem to start at places of very 
slight irregularity or dust accumulation 
on the bus, even though we sometimes 
think we have the bus all clean. The 
difficulty of keeping the bus free from 
these discharges has led us in our labora- 
tory experiments to use for most of our 
conductor Pieces of chain such as are used 
for window weights, door checks, ete. 
Naturally these pieces of chain go into con- 
siderable corona at voltages much lower 
than the initial corona on the 31!/,-inch 
bus. The corona formed along the chain, 
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aper lead me to suspect that small irregu- 
arities on large conductors, particularly 
smooth-surfaced ones, may result under 
ome conditions in corona phenomena 
uite annoying and difficult to eliminate. 
ereas the 230-kv lines which have come 
under my observation, and which are all 
stranded-conductor lines, as I have stated, 
ave never shown this phenomenon on the 


desert to an extent which has led us to 


believe there is any difference in corona 


Bloss on the desert and in the laboratory 
which cannot be accounted for by the usual 


a 


' 


things which affect corona; namely, 
humidity, temperature, barometric pres- 
sure, conductor surface irregularity, etc. 


Bradley Cozzens: The discussions pre- 
sented by K. B. McEachron and P. L. 
Bellaschi always add new or confirming 
facts to any paper because of the very 
intimate and continuing contact that these 
men have with lightning studies and asso- 
ciated phenomena. Specifically referring to 
Mr. McEachron’s comments: we too, are 
pleased to have data indicating that the 
magnitude of current and possibly voltage 
encountered in western lightning is not ma- 
terially different from that of eastern light- 
ning, for it was upon much of the data 
gathered regarding eastern storms that 
the lightning design of the Boulder Dam 
lines was based. From what observation 
we have been able to make in the few years 
of construction and operation it appears 
that the number of strokes per storm may 
be materially less than for the eastern loca- 
tions, possibly due to the higher average 
cloud height and also the smaller amount of 
actual water vapor involved in any one 
average storm. 

As mentioned in the paper, surge imped- 
ance values can be calculated that show a 
wide variation in magnitude depending 
upon assumed conditions. We agree heart- 
ily with Mr. McEachron in his criticism of 
the use of a lightning stroke as being a path 
of definite surge impedance short-circuiting 
the condenser between the cloud and earth. 
It is indeed a much more complex circuit. 
The use of the 200-ohm value, however, 
gives a design that will cope with some of the 
most severe lightning strokes while the 
higher values would of course be more rep- 
resentative of the less intense discharges. 
Perhaps with further accumulation of in- 
formation Mr. McEachron or Mr. Bewley, 
on whom we lean quite heavily for methods 
of computing lightning phenomena, may 
evolve methods that will take into account 
the resistance or impedances between the 
various charge masses in the cloud to ac- 
count for the relatively slow build up of the 
current in the streamers. Such informa- 
tion might modify greatly the present meth- 
ods of computation, but while we realize 
that present methods are not rigorous, they 
are still the only methods available to most 
of us. : 

Mr. McEachron mentions that the maxt- 
mum current is dependent upon the avail- 
ability of the charge on the ground. The 
use of the counterpoise makes this charge 
easily available from a much larger area 
than normally. Tt is still questionable 
whether an extensive counterpoise system 
may not some day feed such heavy currents 
into the lightning strokes that the voltage 
drop in and immediately adjacent to the 
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tower will become a factor. This would be 
first evidenced on the lower voltage lines. 

It is indeed gratifying to have definite con- 
firmation of the formation of corona around 
the buried counterpoise wires. Our only 
information, other than reported reductions 
in measured surge impedance with the ap- 
plication of high surge voltages, was the 
observed phenomena of corona forming 
about a conductor in salt water when surged 
with high impulse voltages. This corona 
area around the counterpoise was used in 
the design computations and with Mr. Mc- 
Eachron’s comments we are more certain 
of its justification. 

While we had no oscillographic records of 
the duration of any of the lightning strokes 
to the Boulder Dam lines, yet mention is 
made in the paper that from the types of 
burns observed on the counterpoise gaps, 
some were probably of short duration while 
others must have been the result of long- 
time low-current discharges or many mul- 
tiple strokes occurring in rapid succession. 
Mr. McEachron’s recently recorded data 
on the long-time low-current strokes con- 
firms the assumptions mentioned in the 
paper. Knowing this now to be the case, 
the information from the counterpoise 
gaps will be much more valuable for from 
observing many of them it is possible by 
careful observation to detect multiple dis- 
charges, with appreciable time interval be- 
tween them by the overlapping of the burned 
areas. The single-discharge high-current 
value can be detected relatively easily, and 
the long-time low-current value also can be 
identified. Of course these are not instru- 
ment measurements and should not be 
treated as such, but they will add infor- 
mation I feel sure. 

Mr. McEachron’s comment on the im- 
possibility of a multiple stroke to follow 
the same general path and travel the 265 feet 
between tower lines in his maximum ob- 
served time of 1.53 seconds is of course cor- 
rect. However, the change of path for the 
lower portion of strokes does not seem to be 
quite as uncommon as indicated. A very 
beautiful example is given in the United 
States Department of Commerce Bureau of 
Standards publication No. 95 on protection 
of electrical circuits and equipment against 
lightning. Figures 1 and 2 show the still 
and moving film records of a multiple stroke 
in which the lower section entirely changed 
path for one or possibly more of the dis- 
charges. Again we have no definite proof 
that this was the case for the strokes involv- 
ing both of the Boulder lines, but as men- 
tioned previously, the desert storms are 
usually high clouds and are moving rapidly 
so that successive discharges usually pro- 
gress with the storm except where the storm 
clouds are being blown over a mountain area. 
It is felt, therefore, that strokes to both 
circuits in a single area come either as this 
diverted multiple discharge or within a very 
short time interval. 

We greatly appreciate Mr. 
comments on this paper. 

The comments of Mr. Bellaschi add fur- 
ther evidence by laboratory tests indicating 
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that burns that result in appreciable fusion 
of the metal must be the result of long-time 
low- or moderate-current discharges. The 
few values mentioned by Mr. Bellaschi 
covering some of his recent tests indicate 
that the study of the area and volume of 
burned metal as a function of the current 
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and time involved is just begun if it is to be 
used extensively as an indication of lightning 
current. It, definitely, is a rough means of 
indication if not interpreted too rigorously. 


J. D. Laughlin: Discussions and questions 
as asked by Abe Tilles bring out points and 
information additional to that contained in 
the original paper, as the reader may see 
the subject from a different angle to that 
presented by the writer. 

The following discussion, in answer to 
Mr. Tilles’ questions relative to starting 
generators at Boulder and energizing the 
Boulder transmission line and his questions 
relative to the consequences of tube failures 
in the supervisory control equipment, gives 
some additional information pertaining to 
the operation of the transmission line not 
included in the original papers. 

Starting a generator from the condition 
with the butterfly valve closed and all 
auxiliaries shut down normally requires 
approximately 15 minutes to put the unit 
on the line. Ten minutes of this time is 
used in opening the butterfly valve and 
checking the generator auxiliaries. Before 
starting any unit, all auxiliaries are oper- 
ated manually, then shut down and set for 
automatic operation. Included in the auxil- 
iary check are devices for supplying bearing 
oil pressure, governor oil pressure, generator 
cooling water and transformer cooling water, 
generator field breaker, overspeed devices, 
and position of the butterfly valve. When 
these checks are completed and reported 
to the operator in the control room, he 
closes the master starting switch. Within 
two minutes all auxiliaries have been started 
automatically and the generator is up to 
full speed. The operator then adjusts the 
generator voltage and selects the oil circuit 
breaker to be used for synchronizing. Ac- 
tual synchronizing and closing of the circuit 
breaker is done automatically. From the 
time the generator is up to full speed until 
it is on the line requires approximately two 
minutes, If the butterfly valve is open and 
the scroll case is full of water and it is de- 
sired to get a machine on the line quickly, 
this can be accomplished in approximately 
four minutes by omitting the auxiliary in- 
spection. 

The generators are always synchronized 
to the lines, using oil circuit breakers on the 
generator busses. Automatic synchronizing 
equipment is used for putting all machines 
on the line for normal operations. Manual 
synchronizing is used only on special oc- 
casions, as for tests or when some equip- 
ment is out of service. 

When both circuits are de-energized and 
it is desired to connect Boulder to the sys- 
tem at Los Angeles, two generators are Syn 
chronized on the low voltage bus and ad- 
justed for one-third normal voltage. The 
line is then picked up, one 90-mile section 
at a time without any further adjustment of 
the generator fields. When all six sections 
are energized but not connected to the 
system, the generator voltage at Boulder 
is approximately 75 per cent of normal, and 
at the Los Angeles end of the line the volt- 
age is 100 per cent of normal. The line 
is then synchronized with the system at 
Los Angeles. The synchronous condensers 
for voltage regulation at Los Angeles are 
connected to transformer banks fed from 
the 132-kv bus and may be put on the 
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system either before or after the Boulder 
line. 

A second method has been used for pick- 
ing up the lines but it is more hazardous to 
equipment than the one described above. 
For this method, all circuit breakers on the 
lines are closed except those that connect 
the lines to the system at Los Angeles. 
Two generators are brought up to normal 
speed and connected to the lines without any 
field excitation. The generator fields are 
then closed and excitation is increased 
slowly until normal voltage is obtained at 
the Los Angeles end of the line. This 
method is not used due to the difficulty in 
regulating generator excitation so as to 
maintain synchronizing current between the 
machines and not get the line voltage too 
high. If one circuit is energized and one 
de-energized, and it is desired to put the 
second circuit into service, at least two 
generators must be on the line at Boulder. 
The dead line is then picked up one section 
at a time starting from the Boulder end. 

Regarding the failure of tubes in the 
supervisory control equipment, the most 
serious result that could occur from a tube 
failure would be a failure of a nature that 
would overload and damage other equip- 
ment in the carrier-current circuits, such as 
condensers, transformers, or wiring; how- 
ever, the circuits are protected with fuses in 
such a manner that this condition is very 
improbable. Usually when a tube burns 
out it stops the transmission or reception of 
a code and prevents the completion of the 
intended operation. In no case could it 
cause a false operation. When such a 
condition occurs, it is immediately detected 
at Boulder. The operator can usually de- 
termine at which station the failure oc- 
curred by noting at what point in the code 
sequence the equipment stops. He then 
calls the attendant at the station in trouble 
by telephone and has him check his equip- 
ment. The replacement of a faulty tube is 
a matter of a few minutes after it fails. 
The failure of a tube in any station except 
at Boulder does not interfere with the opera- 
tion of the balance of the supervisory con- 
trol equipment. Operations can still be 
performed at the other stations, and indi- 
cations received. In case of a tube failure 
at Boulder, the entire equipment is out of 
service, since codes from all other stations 
must be recorded and checked at Boulder 
before the intended. operations can be com- 
pleted. 


L. L. Draper: I would like to express my 
appreciation for the very generous com- 
ments of Mr. Tilles and Mr. Bancker on 
this paper and will endeavor to answer 
Mr. Tilles’ questions regarding the relays 
in a general discussion rather than trying 
to answer each question individually. 

Each section of the third circuit will be 
equipped with carrier-current pilot protec- 
tion like that in use on the present circuits. 
With this type of protection each section 
of each circuit is protected as an individual 
unit and the worst possible condition that 
the failure of carrier to be transmitted or 
received can produce is faulty tripping of 
that particular section upon the occurrence 
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Discussion 


of a through fault condition. As men- 
tioned in the paper the carrier-current pilot 
protection used is considerably faster than 
was anticipated at the time the specifications 
were written and is sufficiently fast to meet 
the required clearing time under all con- 
ditions without any additional speeding up. 

As Mr. Tilles has stated complications 
arise in a scheme of high-speed balance cur- 
rent protection for three parallel lines. 
This is particularly true with the ring ar- 
rangement of six oil circuit breakers as will 
be used at Boulder, Silver Lake, and Victor- 
ville. For this reason and also because bal- 
ance current protection cannot be applied 
to the section of the third circuit between 
Victorville and Los Angeles consideration 
is being given at this time to other types 
of protection that might be used as a second 
line of defense on these lines. The final 
decision as to the second set of protection 
equipment on these lines will be to use the 
overall scheme that will give the least 
probability of an undesired separation 
between Boulder power plant and the 
Los Angeles system due either to failure 
of the relays to trip a faulted line section or 
faulty operation of the relays on line sections 
that are not faulted. 

Mr. Bancker has brought out the prin- 
ciple reason for the short Operating time 
requirements of the specifications in so far 
as this line is concerned, however, there are 
other well-known benefits to be gained by 
fast clearing of faults one of which was very 
well illustrated by the system load dis- 
patchers report of the two faults that oc- 
curred on these lines on March 2, 1938. In 
each case the report contained the very 
terse statement “No disturbance to volt- 
age.’”’ Actually of course there was a dis- 
turbance to the system voltage, but of such 
short duration that from all practical stand- 
points the statement was absolutely correct. 

Mr. Bancker attributes the high-fre- 
quency transient currents, that caused 
trouble with the ground relays, to the non- 
simultaneous closure of the oil circuit breaker 
poles and while this was probably a con- 
tributing factor, I believe that the pre- 
dominating factor in the production of these 
high-frequency currents was the point on 
the voltage wave at which individual poles 
of the breaker closed and that they would 
be produced on these lines, even with simul- 
taneous closure of the breaker poles, 


Wm. S. Peterson: The engineers who have 
been associated with the Boulder Dam 
transmission line development deeply appre- 
ciate the interest shown in this project and 
are sincerely grateful for the many fine 
comments that have been made in discussing 
this group of papers. 

In reply to Mr. Tilles’ question regarding 
the alteration of sending-end voltage as the 
load varies, it can be stated that the opera- 
tion is very closely in accord with operating 
under the condition for minimum loss, 
The normal voltage of the generator is 
16,500 volts to produce 287,500 volts at the 
sending end of the line. This voltage is 
used when delivering approximately 200,000 
kw at the receiving end of the two circuits. 
For delivering the rated output the voltage 
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is increased to 17,000 volts and for very 
light loads, under 75,000 kw, the voltage 
may be reduced to 15,500 volts. This 
change is made by manual adjustment of 
the regulator settings. This type of opera- 
tion requires slightly less synchronous-con- 
denser capacity than does fixed-voltage 
operation. 

Mr. Tilles asks about the location of the 
third circuit. For two-thirds of the way, it 
is parallel to the existing circuits and is about 
265 feet from such circuits. From Victor- 
ville to the Department’s receiving station 
E, the line diverges from the existing line 
going directly west instead of southwest. 

Doctor R. W. Sorensen has made the 
statement that the same amount of power 
could have been transmitted, without ad- 
ditional expense, at 220 ky. 

In such comparisons account must be 
taken of the type of service, or the condi- 
tions, on which the line is rated. Two 
220-kv circuits of similar length if operated 
within the criteria set up for a steady-state 
stability basis of operation would have 
about the same rating as do the two 287.5- 
kv circuits on a transient stability basis. 
However it was the purpose in building this 
line to achieve a reliability of transmission 
equivalent to that given by a local steam- 
electric generating station. It therefore 
had to be rated on a transient stability basis 
for withstanding, without loss of synchro- 
nism, a two-phase-to-ground fault at the 
worst point on the system, drop a section 
of line and still have a margin of 25 per cent 
asa safety factor. Calculations show, that, 
in order to achieve the same rating with 
220 kv, it would require the use of three 
circuits. Three circuits of 220 kv of a given 
standard of construction are more expen- 
sive than two circuits of 275 ky of a similar 
standard. Economy in obtaining reliability 
dictated the choice of 275 ky. 

Turning to the corona discussion by Doc- 
tor Sorensen, I am inclined to agree with 
his observation that it may not have been 
observed because measurement of loss on 
actual lines is difficult to make and it takes 
accurate measurements to determine the 
differences under discussion. The phe- 
nomena has been identified as having re- 
lation to locality, so it is possible that other 
lines are in areas not affected by the same 
factors as are present in some places along 
the Boulder lines. 

In making the corona-loss measurements 
at Victorville the voltages for the conductors 
under test were carried as low as 220 ky. 
For these low voltages, the “voltage shifts” 
in the corona-loss curves for the desert 
area from those run at Stanford on the same 
conductors are of the Same order of magni- 
tude as found at the higher portion of the 
loss curves, 
conductors having diameters of 1,25 and 
1.4 inches for the smooth surface type and 
14-inch diameter for the Stranded type. 
It is reasonable to Suggest that if the smaller 


have been nearer the “knee of the curve” 
for such conductors than those tested. 
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Synopsis: Experimental data show that 
the strength of compressed air as an insu- 
lator increases with pressure until a critical 
value is exceeded. At higher pressures the 
sparking voltage fails to rise, and may even 
drop. The maximum voltage and _ the 
critical pressure are largely dependent on 
the shape of the electrodes of the spark gap. 


VER thirty years ago work was 

done by Ryan? and his student, 
Ekern,? to determine the electrical 
strength of air at pressures of many 
atmospheres. It was discovered that 
the voltage required for sparking be- 
tween points bears a roughly linear rela- 
tion to the air pressure until the voltage 
has risen to approximately ten times that 
required for sparking between the same 
points, at the same spacing, at normal 
atmospheric pressure. A maximum volt- 
age is reached at an air pressure of be- 
tween 100 and 200 pounds per square 
inch. As the pressure is further raised, 
the sparking voltage does not rise cor- 
respondingly—in fact it drops somewhat 
if sharp points are used, and then at still 
higher pressure (above 400 pounds per 
square inch) the voltage rises slowly with 
pressure. 

More recent work has been done by a 
number of scientists: some of this work 
is summarized by Whitehead." The 
latest to be published is by Goldman!*.*8 
of the Union of Socialist Soviet Re- 
publics. Goldman’s work will be men- 
tioned again in a later paragraph. 

Renewed interest in the electrical 
properties of air at high pressure has ap- 
peared recently. This may be traced to 
the present use of compressed gas as 
insulation in radio transmitter con- 
densers, in electrostatic generators, and 
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The Electric Strength of Air at High 
Pressure 
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its proposed use in high-voltage power 
cables. The present paper is a report of 
an experimental study of the subject. 

The chief contribution of the present 
paper is a study of the effect of the shape 
and material of electrodes. In previous 
investigations Ryan and Goldman worked 
with points, and Goldman, Amyashi, and 
others, worked with plane surfaces or 
surfaces with large radius of curvature. 
It is believed that no one has heretofore 
investigated both of these types of elec- 
trodes and also the intermediate region of 
electrodes of various radii of curvature. 
In the investigation of electrode material, 
electrodes of copper, iron, and zinc were 
used. 

The present investigation also gives 
assurance that the results are not seri- 
ously influenced by distortion of the 
electric field, brought about by proximity 
of the walls of the enclosing chamber. 
Previous work has been done in pressure 
chambers of relatively small size. 


Apparatus 


The pressure chamber in the present 
work Has an inside diameter of six inches. 
This permits the study of longer gaps and 
larger electrodes than were used by 
Ryan, including electrodes of spherical 
and cylindrical form. However, the in- 
creased diameter of the test chamber 
makes it advisable to use a relatively low 
maximum air pressure, and since the 
most essential and characteristic sections 
of Ryan’s curves appeared at pressures 
below 300 pounds per square inch, the 
present apparatus was designed for that 
pressure. Glass and porcelain insulation 
is used, and voltages lie in the same range 
as that studied by Ryan. 

The outside of the air pressure chamber 
is shown in figure 1. Two sections of six- 
inch steel pipe are separated by a sheet of 
glass, and the cylinder thus formed is 
closed with a six-inch extra-heavy cast- 
iron blind flange at each end. The sheet 
of glass is 14 inches square, with a four- 
inch round hole in the center. This 
cylinder, with the insulating sheet of 
glass and the two blind flanges, occupies 
a central position in figure fe sie a Ware 
test chamber, and air is pumped into it 
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through a pipe inserted in the lower 
flange. 

The cylinder is made to retain air under 
pressure by being clamped between a pair 
of eight-inch I-beams, as shown in 
figure 1. Just above the pressure cylinder 
is seen a cast-iron spacer block, and be- 
tween that and the upper beam is a small 
steel roller for equalizing forces. By 
tightening screws beneath the standard 
suspension-insulator units at the ends of 
the beams, the beams are drawn together. 
This exerts an axial force on the cylinder, 
and a compressive force on the glass of 
about 10,000 pounds. The insulator 
units, together with the glass sheet, com- 
pletely insulate the upper beam and the 
upper half of the cylinder from the lower 
beam and the lower half of the cylinder. 
Leads from a high-voltage transformer 
are connected to the two beams. 


Within the pressure chamber is the 
small frame shown in figure 2. The verti- 
cal members of the rectangular frame are 
insulating, and electrical connection is 
provided from the top and bottom of the 
frame to the upper and lower blind 
flanges, respectively. Some of the elec- 
trodes used appear in the photograph. 
Sharp points, spheres, and cylinders were 
used, of different materials, and with 
various sizes and spacings. 

Sixty-cycle alternating voltage was 
used in all tests. A 300-kv, 150-kva 
transformer was used to supply the test 
voltage. Power was supplied to. the 
transformer from either the sine-wave 
generators of the Ryan Laboratory or the 
commercial supply mains; even in the 
latter case the wave form does not vary 
from a sinusoidal wave by a significant 
amount. Voltage was adjusted by varia- 
tion of the generator field (when the 
generator was used) and by means of an 
induction voltage-regulator in the trans- 
former primary circuit. The voltage was 
measured by means of a tertiary volt- 
meter winding, known to be correct. 


The location of the spark within the 
chamber, and the relative intensity of 
the spark, could be observed through the 
insulating glass sheet. In this way it was 
known that the spark occurred between 
electrodes, as desired. In one test the 
spark took place, due to moisture, along 
the surface of the glass within the appara- 
tus; this was immediately detected and 
corrected. It was not possible, however, 
to see anything of the form or nature of 
the discharge. 


Results 


Experimental results are plotted in 
figures 3, 4, 5, and 6. These curves indi- 
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figure 1. The test chamber for holding com- 
pressed air 


cate average sparking values, each 
measurement being repeated five to ten 
times. As an indication of the con- 
sistency of results it may be well to con- 
sider a sample of the work in detail. 
Curve A of figure 5 is drawn through a 
number of small circles which represent 
the average experimental points. At 
each pressure used the sparking voltage 
was measured some five or ten times, and 
the average value is marked by the circle. 
Individual measurements of voltage were 
likely to vary by as much as ten per cent; 
for example, the point on curve A at 290 
pounds per square inch pressure repre- 
sents an average of eleven voltage read- 
ings that varied from 37.8 to 41.0 kv. 
Despite this variation of individual 
measurements, the average values are 
consistent and reproducible from time 
to time. 

When the electrodes are sharp points, 
as in figure 3, a maximum value of volt- 
age is evident at about 100 pounds pres- 
sure. As pressure is increased from 100 
to 150 pounds, voltage for sparking de- 
clines. At higher pressure the voltage 
may or may not rise again, depending on 
sharpness of the points; at pressures 
above 100 pounds the voltage required 
for sparking is greatly increased by dull- 
ness of the points (see figure 6). These 
results are similar to those obtained by 
Ryan;? Goldman,!? producing sparks 
between a pointed electrode and a plane, 
gives voltage-pressure curves of the same 
shape but with 30 to 50 per cent lower 
voltage values. 

Sparking voltage values in the high- 
pressure range are erratic compared to 
sparking voltages at pressures below 100 
pounds. This suggests a different mecha- 
nism of spark formation. Also, in the 
higher pressure range there were almost 
invariably, discharges between electrodes 
at voltages five to ten per cent below the 
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“sparking voltage’’ plotted in the curves. 
These preliminary discharges were of 
momentary duration, and failed to initi- 
ate a complete breakdown of the gap. 
(They sometimes carried enough current 
to actuate a circuit-breaker in the primary 
circuit of the high-voltage transformer, 
so that it chattered but did not trip. 
The plotted ‘sparking voltage” is the 
voltage at which the breaker opened. 
The height of the curves obtained would 
vary a few per cent with changes of the 
speed and setting of the breaker. There- 
fore, for consistent results, the setting 
was kept always the same.) 

In figure 4 are shown curves of sparking 
voltage for one-inch-diameter spherical 
electrodes (steel balls from a ball bearing). 
Considering the spacings used these are 
large spheres, and the electric field be- 
tween them in the region of nearest ap- 
proach is almost uniform. (The maxi- 
mum field strength is increased three per 
cent by curvature of the spheres.) Since 
the electric field near a sharp point is 
highly divergent, the pointed and spheri- 
cal electrodes represent opposite extremes 
of electrode configuration. 

It will be seen from figure 4 that be- 
tween spherical electrodes the sparking 
voltage increases with pressure in a more 
or less linear fashion until a pressure of 
about 250 pounds is reached. At higher 
pressures the sparking voltage remains 
constant, within the experimental range. 
The effect of pressure above 300 pounds 
on the sparking voltage could not be 
determined because of limitations of the 
apparatus. Other investigators!1413 show 
similar flattening of the voltage-pressure 
curve, but at higher values of voltage 
and pressure. Although all investigators 
show the flattening effect, there is little 
agreement as to the voltage and pressure 
at which it occurs. There is the possi- 
bility that the flattening of the curves of 
figure 5 is merely a point of inflection, 
and that voltage would again rise with 
large increase of pressure. The author, 
interpreting sparking at high pressure 
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’ 
as due to field current, believes that 
different investigations give different re- 
sults because of unlike conditions of 
electrode surfaces. The importance of 
this factor will be considered later. 

Figure 5 shows the gradual change of 
form of the voltage-pressure curve as the 
radius of curvature of the electrodes was 
reduced. All of the curves of that figure 
apply to spark gaps of 0.05-inch length. 
Curve A was obtained with large steel 
spheres (‘“‘Jarge’”’ in the sense that the 
radius was nearly ten times the gap 
length). The practically identical curve 
B is for cylindrical zine surfaces with 
large radius of curvature. Curve C, for 
small steel spheres, with radius approxi- 
mately equal to the spacing between 
them, is noticeably different; and curve 
D, obtained with electrodes of copper 
wire spaced nearly twice their radius, 
shows further difference of the same 
nature. As the radius of curvature is 
decreased the curves are less sharply 
flattened at 250 to 300 pounds pressure, 
and the voltage required for sparking in 
that pressure range is reduced. Curve E, 
for a smaller iron wire, and curve F for 
a smaller copper wire, are further altered 
in the same manner. Curve G represents 
two sets of data that were practically 
identical: they were obtained with 
electrodes of copper wire in one case, and 
with blunt steel points in the other. The 
radius of the copper wire was 1/ioth the 
gap length (0.010-inch diameter); the 
steel points as viewed under a microscope 
were rounded at the tips due to the 
original sharp point having been burned 
to a blunt end about 0.015 inch across. 


The same dull points were used for one 
of the curves of figure 6; the spacing 
between them having been increased to 
0.30 inch. The two other curves of that 
figure correspond to increased sharpness 
of the same points, the ‘sharp’ points 
being freshly ground and showing, under 
the microscope, the marks of the abrasive 
wheel. These three curves continue, in a 
sense, the series of curves of figure 5, for 
they complete the transition from ‘‘large’’ 
spheres to sharp points. Through the 
entire series the voltage maximum at 
about 250 pounds pressure becomes less 
apparent, and a maximum at about 100 
pounds pressure appears as characteristic 
of sharp points. Curve G of figure 5 is the 
first to show a pronounced hump in the 
100-pound region. 

The various electrodes used for ob- 
taining the curves of figures 4 and 5 are 
of such simple geometrical shape that the 
surface electric gradient corresponding to 
breakdown could be computed. (The 
electrodes for curve G, however, were 
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omitted because corona probably pro- 
duces space charge about them before 
sparking voltage is reached.) The maxi- 
mum surface gradients obtained, cor- 
responding to the flattened parts of the 
curves at high air pressures, are as fol- 
lows: 


Maximum 
Gradient 
for Sparking 
(Crest Kilovolts 
per Centimeter) 


Gap length 0.05-inch between: 


Steel spheres, l-inch diameter 450 
Steel spheres, 0.125-inch diameter 540 
Copper wires, 0.063-inch diameter 510 
Tron wires, 0.041-inch diameter 470 
Copper wires, 0.025-inch diameter 530 
Zinc, radius of curvature 0.5 inch 450 
Gap length 0.017 inch between: 

Steel spheres, 1-inch diameter 550 
Gap length 0.075 inch between: 

Steel spheres, 1-inch diameter 450 


Three electrode materials were used. 
They were copper, iron (and steel), and 
zinc. Zinc was used because its low work 
function contrasts with those of copper 
and iron. Steel and zinc surfaces gave 
almost indistinguishable voltage-pressure 
curves. The average of the maximum 
gradients for copper is a little higher than 
the average for iron (520 kv per centi- 
meter, compared to 490 kv per centi- 
meter) but this difference is probably not 
significant. The author’s conclusion is 
that electrode material has little if any 
effect in the impure state in which it must 
necessarily exist during electric dis- 
charge in compressed air. 


Discussion 


A dash line, H in figure 5, is drawn to 
indicate the voltage that would be re- 
quired for sparking if Paschen’s law were 
valid in this pressure range. Paschen’s 
law expresses breakdown voltage as a 
function of the product of air density and 
linear dimensions of the gap,® and there- 
fore implies that ionization results from 
impacts of electrons (or ions) that have 
been accelerated in the gas.’° It is seen 
that the law fails to apply at pressures of 
several atmospheres, and breaks down 
utterly at about twenty atmospheres. 
There can be little doubt that the reason 
for this anomalous behavior is that a 
source of ionization which is relatively 
ineffective at low pressure becomes pre- 
dominant at high pressure. Moreover, 
the source of ionization that is predomi- 
nant at high pressure appears to be nearly 
or entirely independent of pressure. It 
seems therefore that sparking at high 
pressure derives most of its ions or elec- 
trous from a source that is independent 
of the gas in the gap. 
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Field current, or cold-emission current, 


is quite commonly found to flow between 


electrodes in high vacuum when the 
potential gradient is of the order of 
magnitude of half a million volts per 
centimeter.°” Residual gas about the 
electrodes takes no part in this phenome- 
non, for the mean free path of electrons 
in the gas may be many times the gap 
length. The gradient required for field 
current is greatly dependent on the sur- 
face conditions of the electrodes, the 
necessary gradient being raised by a factor 
of two or three or more when the surfaces 
are polished and de-gassed. 

Field current can thus appear between 
electrodes in vacuum when there is so 
little gas that it plays no part in the dis- 
charge. It seems quite reasonable that 
field current can also appear between 
electrodes in high-pressure gas, the gas 
being so compressed that it takes no part 


Figure 2. Some of the spark gaps tested 


(or only a secondary part) in the dis- 
charge. If the mean free path of elec- 
trons in the gas is so short that an electron 
will rarely attain ionizing velocity even 
though the gradient is raised to the high 
value required to produce field current, 
then field current may be expected to 
flow. This is the most probable cause of 
the electric breakdown that occurs at high 
pressure between large, smooth electrodes. 
It has been so accepted by Ryan and 
Goldman. 

Ryan, in 1911, wrote,! ‘“‘When the 
stress delivered from the metal electrode 
surface to the adjacent zone of gas is 
great enough some of the free electrons 
in the metal will de detached from the 
electrode and will migrate through the 
gas to the anode.” Goldman, in 1938, 
agreed,}3 saying, “Starting from a certain 
pressure the mechanism of gas puncture 
is altered. Impact ionization no longer 
plays a predominant part. With those 
fields as are obtainable at high voltages, 
electrons may be torn out from the 
cathode by the action of the field.” 
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It must be understood that there is no 
proof that the anomalous sparking volt- 
ages at high pressure are due to field cur- 
rent, but there is evidence to support 
such a belief, The best evidence is that 
in those cases for which field strength can 
be computed, the electric field just pre- 
ceding sparking is of the right order of 
magnitude to give plentiful field current. 
Work in vacuum shows (as mentioned 
above) that an electric gradient of the 
order of magnitude of 500 kv per centi- 
meter will draw appreciable field current 
from a metal surface that has not been 
carefully cleaned, de-gassed, or polished. 
Compton and Langmuir say,° “The past 
history of the surface has a very great 
effect on the field strength needed to 
draw electron currents,” and Millikan 
and Eyring’ give values varying from 
400 to 1,100 kv per centimeter as pro- 
ducing appreciable electron currents from 
a tungsten filament. Compton and 
Langmuir found that surface impurities 
were extremely important, and after 
saying that “Field currents are ob- 
tained much more easily from surfaces 
covered with adsorbed films of electro- 
positive materials,” they report that the 
result of one test “suggests that traces of 
alkali metal escaped from the glass and 
are held by a monatomic oxygen film on 
the tungsten.” 


In view of the extreme sensitivity to 
surface condition it is not surprising that 
experiments in high-pressure air give 
breakdown at different values of gradient. 
It was shown in the preceding table that 
the gradient believed to produce field 
current in the present work varied from 
450 to 550 kv per centimeter. Goldman 
obtains a value! for a gap of practically 
the same dimensions, of 730 kv per 
centimeter in nitrogen, and Amyashi" 
gives data indicating a maximum gradient 
of about 800 kv per centimeter in both 
nitrogen and air. All these values are 
well within the range of gradients de- 
termined by work in vacuum. It is 
evident that when a metallic surface is 
being subjected to electric discharge in an 
atmosphere of compressed air it can re- 
main neither highly polished, chemically 
clean, nor de-gassed. Traces of alkali 
metals will no doubt always be present. 
Probably, therefore, the production of 
field current will depend far more on the 
presence of unavoidable impurities than 
on the material of the electrodes. This 
is consistent with experimental data. 

It should be mentioned that it is only 
in the region of flattening of the presstre- 
voltage curve that different investigators 
disagree. When the voltage is less than 
half that of the flat part of the curve 
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Figure 3. Sparking voltage between points 
at various spacings 


Length of gap in inches is marked on curves. 
Dash lines show Ryan’s results for comparison 
at the two shorter spacings 


there is agreement between the present 
work and that of Goldman and of 
Amyashi, and between au ‘three and 
Paschen’s law. 

' The production of electron current - 
high surface gradient, like the production 
of electron current by impact ionization, 
commences gradually and then increases 
rapidly with increasing applied voltage. 
Field current in vacuum has been found 
both theoretically and experimentally to 
be related to gradient by the euatos 


i, = aE%e-?/* 

wherein a and D are constants, j is cur- 
rent density, and E is electric field 
strength. It is evident that field current 
is negligible at low values of voltage and 
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Figure 4. Sparking voltage between spheres 


of approximately one-inch diameter, at various 
spacings 


Length of gap in inches is marked on curves 


that, as current becomes appreciable, it 
increases tremendously with a small in- 
crease of voltage. 

The electrons of field current, once re- 
leased into the gas between electrodes in 
high-pressure experiments, will travel 
from cathode to anode and will multiply 
themselves by impact ionization as they 
go. Even a small supply of field-current 
electrons will thereby disturb the normal 
mechanism of sparking in gas, and this 
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may account for the reduction of spark- 
ing voltage below that indicated by 
Paschen’s law at intermediate pressures 
(see, for instance, figure 5). As pressure 
is increased, and the surface gradient 
preceding sparking becomes higher, the 
effect of field current on the spark be- 
comes more pronounced, until finally it 
is the controlling factor and breakdown 
voltage is thereafter independent of 
pressure. The formation of a spark by 
means of field current probably includes 
intense heating of a very small spot on 
the cathode. 


Shape of Electrodes 


Experimental data may be considered 
in four classifications, with indefinite 
intermediate regions. The four basic 
categories are: 
1A. Spark due to ionization of gas; not 
preceded by corona discharge. 


1B. Spark due to field current; 
ceded by corona discharge. 


2A. Spark due to ionization of gas; pre- 
ceded by profuse corona discharge. 


not pre- 


2B. Spark (see below) preceded by profuse 
corona discharge. 


These classifications correspond to the 
following physical conditions: 


1A. Flat or rounded electrodes; low pres- 


sure. 


1B. Flat or rounded electrodes, high pres- 
sure, or pointed electrodes in very high 
pressure. 


2A. Sharp-pointed electrodes, not close, 
low pressure. 


2B. Sharp-pointed electrodes, not close, 
medium pressure. 


Characteristic of classification 1A are 
the curves of figure 4 at pressures below 
100 pounds. No explanation is needed, 
for this type of sparking is that of spheres 
in open air. These same curves at pres- 
sures above 250 pounds illustrate action 
of type 1B: the field strength at the 
sphere surface rises with increasing 
voltage until emission of electrons pro- 
duces field current in sufficient quantity 
to appear as a spark. 

The curves of figure 3, at pressures 
below 90 pounds, represent sparking of 
the 2A type. This is the customary 
mechanism of sparking between points 
in free air.§ The same curves at pres- 
sures of 120 to 150 pounds, and possibly 
higher, illustrate the 2B mechanism of 
sparking. This requires further con- 
sideration. 

One is inclined to attribute flattening 
of the voltage-pressure curves for pointed 
electrodes, as in figure 3, to the effect of 
field current emitted from the point. 
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Goldman and Wul’s results,!2 however, 
indicate that such is not the case. Work- 
ing with direct voltage applied to a gap 
between one pointed and one plane 
electrode they found that the typical 
shape of the a-c voltage-pressure curve 
(as in figure 3) is reproduced when the 
pointed electrode is positive, but with the 
point negative the sparking voltage is 
higher and continues to rise with pres- 
sure through the experimental range 
(up to 200 pounds pressure). This indi- 
cates that the action that causes sparking _ 
voltage to diminish as pressure rises must 
take place at or about the positive point, 
and it clearly cannot be the emission of 
electrons. Accepting the data of Gold- 
man and Wul, one cannot do better than 
to accept also their explanation that the 
anomalous sparking voltage between 
points is due to high concentration of 
space charge, which, in turn, is the result 
of low ion mobility in high-pressure gas. 
This is the 2B type of action. 

When pressure is further increased the 
extent of the corona that precedes spark- 
ing is curtailed so greatly that the action 
enters an intermediate region between 
2B and 1B, and at the very high pres- 
sures used by Ryan! it appears that a 
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Figure 5. Sparking voltage between various 
electrodes, gap length in each case being 
0.05 inch 


Electrodes were: 

A. (Heavy line with circles to indicate 

average experimental voltage values) Steel 
spheres, 0.933-inch diameter 


B. (Dot-dash line, practically coincident 
with A) Zinc cylindrical surfaces, radius of 
curvature 0.5 inch 


C. (Light line) Steel spheres, 0.125-inch 
diameter 


D. (Dotted line) Copper wires, 0.063-inch 
diameter 


E. lron wires, 0.041-inch diameter 
F. Copper wires, 0.095-inch diameter 


G. Copper wires, 0.010-inch diameter, 
and also points with blunt tips about 0.015 
inch across 


H. Paschen’s law (for plane surfaces, extra- 
polated from low pressure region) 
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fully 1B type of action is attained even 


between sharp needle points. 

The curves of figure 6 show varying 
degrees of similarity to the typical be- 
_haviors 2A, 2B, and 1B. With blunt 
points the maximum voltage at about 
100 pounds pressure tends to disappear, 
while the maximum at about 300 pounds 
becomes more prominent. 


' 


; 


Conclusions 


1. Sparking voltage in air rises as air pres- 
sure is raised above atmospheric, but a 
maximum value is reached. As pressure 
) is further increased, sparking voltage re- 
mains constant or becomes less. Maximum 
_ sparking. voltage is greater than sparking 

voltage at atmospheric pressure by a factor 

of five to ten, depending on the electrode 
configuration. 


2. No difference was observed between 
iron, copper, and zinc as electrode materials. 


3. The form of electrode is very important. 
Electrodes that permit corona before spark- 
ing behave quite differently from those that 
do not. 


4, If there is no corona preceding sparking, 
maximum voltage is reached at 18 to 20 
atmospheres pressure (or higher, according 
to other investigators). 


5. If there is corona preceding sparking a 
maximum appears in the sparking voltage 
at 7 to 10 atmospheres pressure, and an- 
other maximum appears at 20 atmospheres 
or higher. 


6. Sparking between smooth electrodes at 
high pressure is probably due to field cur- 
rent; the result, that is, of an electric field 
so strong that ‘‘some of the free electrons in 
the metal will be detached from the electrode 
and will migrate through the gas to the 
anode.” 
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Figure 6. Sparking voltage between points 
of various degrees of sharpness 


Gap: 0.30 inch 


Dull: rounded tip, about 0.015 inch across 
Medium: rounded tip, about 0.005 inch 
across 
Sharp: freshly ground point, less than 0.001 
inch across 
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Discussion 


D. W. Ver Planck (Yale University, New 
Haven, Conn.): One of the important 
consequences of Professor Skilling’s excellent 
paper is that it helps to establish a limit for 
Paschen’s law. For instance in figure 5 of 
the paper, it can be seen that the sparking 
voltages for substantially uniform field be- 
gin to deviate from Paschen’s law, curve H, 
at about four or five atmospheres absolute 
pressure. 

In this connection attention should be 
called to the recent work of Finkelmann 
published in Germany (Archiv fir Elek- 
trotechnik, volume 31, 1937, page 282). 
Finkelmann working with uniform fields 
and about the same pressure range as Pro- 
fessor Skilling extended his tests to much 
higher spacings and voltages, and to car- 
bon dioxide, nitrogen, and hydrogen as well 
as air. His results for air show that the 
pressure, or more correctly the density, at 
which deviations from Paschen’s law com- 
mence increases with the gap length. Thus 
the limiting pressure increases gradually 
from Professor Skilling’s five atmospheres 
at a gap of 0.127 centimeter to about eleven 
or twelve atmospheres at 0.7 centimeter. 
In the light of Professor Skilling’s conten- 
tion that the deviation is caused by removal 
of electrons from the cathode by direct ac- 
tion of the electrostatic field (so-called field 
current), a view also expressed by Finkel- 
mann, it might be better to define the limit 
of Paschen’s law in terms of the potential 
gradient, the quantity directly causing field 
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current, Doing this one finds that as the 
gap increases from 0.1 to 0.7 centimeters, 
the gradient at which the deviations com- 
mence is not constant either, but increases 
from somewhat less than 150 to something 
over 300 kv maximum per centimeter. 

While the data are still too few to finally 
establish a limiting condition for Paschen’s 
law, its correctness for determining air 
density correction factors following the 
method recently given by the writer (AIEE 
TRANSACTIONS, January 1938, page 45) and 
even for extrapolation up to pressures of 
several atmospheres receives further con- 
firmation from these new researches. 

It is unfortunate that Finkelmann ter- 
minated his uniform field curves too soon 
after the deviation from Paschen’s law to 
show the approach to a limiting spark-over 
voltage at high pressure found by Professor 
Skilling. Finkelmann does however give 
results for concentric cylinders which show 
this phenomenon. For a gap of about 0.9 
centimeter in air and a field which is only 
slightly nonuniform the gradient for the 
constant spark-over voltage is about 240 
kilovolts maximum per centimeter, or only 
about half that observed by Professor Skill- 
ing. On the other hand, some results re- 
ported many years ago by Hayashi (An- 
nales de Physique, Volume 45, number 4, 
1914, page 431) for gaps quite similar in 
geometry to those of Professor Skilling 
show very much higher limiting gradients 
of the order of 1,000 kv maximum per centi- 
meter. These facts are consistent with 
Professor Skilling’s statement that various 
experimenters do not agree as to the heights 
of the level portion of the sparking voltage- 
pressure curves. Evidently determining 
factors in this phenomenon have not been 
brought under control. 


H. H. Skilling: I am in thorough agree- 
ment with the discussion by Professor Ver 
Planck, and particularly wish to emphasize 
his conclusion that more data are needed. 
It is, of course, evident that there is room 
for all the work that has been done at atmos- 
pheric pressure to be repeated at many dif- 
ferent pressure levels. The present paper 
is of the nature of a progress report, and 
it is hoped that further data can be pub- 
lished from time to time as they become 
available. The author is now extending 
his work to longer gaps and higher voltages. 

In response to an unpublished discussion, 
it should be mentioned that the usual ex- 
perimental procedure was to pump air into 
the test chamber until the pressure was 
somewhat in excess of 300 pounds per square 
inch. A valve in the supply line was then 
closed, and as the temperature of the en- 
closed air, heated by compression, ap- 
proached room temperature, the pressure 
fell to about 300 pounds. After each meas- 
urement of sparking voltage, some of the 
air was released and the valve was again 
closed; the air was cooled by expansion, 
but it returned to room temperature in two 
or three minutes. It was not necessary to 
wait for room temperature to be reached be- 
fore testing, as the density of the enclosed 
air could not change; the pressure gauge 
was read, however, after its indication had 
reached a steady value. 
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Generator Damper Windings at 
Wilson Dam 


By R. B. GEORGE 


MEMBER AIEE 


Synopsis: The majority of water-wheel 
generators now in service have been built 
without damper windings. Recent tech- 
nical investigations and laboratory tests 
have indicated that, in addition to reducing 
oscillations and improving system stability, 
damper windings are very effective for 
reducing high-peak voltages during un- 
balanced short circuits. This applies par- 
ticularly under switching conditions of 
clearing a fault when the load is discon- 
nected from the distant end of a trans- 
mission line, and the charging current 
results in capacitive loading of the un- 
faulted phases. The existence of similar 
overvoltage conditions was recognized by 
the Wilson Dam operating staff and later 
confirmed by oscillograms during tests. 
This paper summarizes the studies and 
tests based on the observed overvoltage 
conditions and describes a method for 
adding damper windings to large water- 
wheel generators which are already in- 
stalled. Short-circuit tests are extended 
to generators on a large scale which con- 
firm the earlier theoretical and laboratory 
tests and demonstrate the advantages to 
be gained by adding damper windings to 
other water-wheel generators now in serv- 
ice. The tests show that damper wind- 
ings in one generator when operated in 
parallel with another generator without 
dampers are effective in reducing high- 
peak voltages during unbalanced faults. 
Data are given to show the changes in 
machine reactances due to adding damper 
windings. 


OR many years amortisseur, or dam- 

per windings, were included in water- 
wheel generators only when they were 
required to meet special conditions such 
as high starting torque for automatic 
station service, synchronous condenser 
operation, or system-stability require- 
ments. 


Paper number 38-129, recommended by the AIEE 
committees on power generation and electrical 
machinery, and presented at the AIEE Southern 
District meeting, Miami, Fla., November 28-30, 
1938. Manuscript submitted September 26, 1938; 
made available for preprinting November 7, 1938. 


R. B. GrorGe is associate electrical engineer in 
the power planning department of the Tennessee 
Valley Authority at Knoxville, and B. B. Bassesen 
is plant superintendent of the Wilson Dam Hydro- 
electric Plant, Tennessee Valley Authority, Wilson 
Dam, Ala. 


The authors wish to acknowledge the services of 
the electrical testing laboratory and operating 
department personnel who made the tests and 
their assistance in analyzing the results and also 
the assistance of the Wilson Dam shops in working 
out some of the details of the winding installation. 


1. For all numbered references, see list at end 
of paper. 
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The large water-wheel generators at 
Wilson Dam were installed during 1925 
and 1926 without damper windings. The 
existence of an overvoltage condition dur- 
ing disturbances on an interconnected 
system was recognized by the Wilson 
Dam operating staff. At the suggestion 
of an interconnected company, overfre- 
quency relays were installed for the pur- 
pose of disconnecting overspeeding genera- 
tors although justification of this type of 
protection was not supported by records 
obtained from frequency and voltage 
recorders over a period of several years. 
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It was expected by local plant engineers 
that the final explanation of this condition 
would be obtained during other tests with 
an oscillograph, During the latter part 
of 1935 a six-element oscillograph was 
purchased for use by the electrical testing 
laboratory. During March 1936, staged 
tests were made to determine certain 
telay and equipment characteristics. 
Other tests followed late in the summer. 
During the first series of tests one phase 
of a new lightning arrester broke down. 
This arrester failure together with the 
results of preliminary tests led to labora- 
tory studies by the manufacturer and the 
resulting paper by Wagner.? The oscillo- 
grams indicated that high-peak voltages 
were present on the unfaulted phase dur- 
ing line-to-line faults on the distant end of 
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a transmission line which had been taken 
out of service for tests. Peak voltages as 
high as 343 kv between high-voltage bus 
and ground were recorded on the un- 
faulted phase at the sending end of the 
154-kv line. Peak voltages of this mag- 
nitude are severe on equipment during 
the duration of an unbalanced fault. 


Technical and Design Features 


The generator used for these tests is 
rated 32,500 kva, 0.8 power factor, 12,000 ~ 
volts, three-phase, 60 cycles, 100 rpm, 
vertical axis, and the detailed reactances 
are given in table III. Staged tests 
without damper windings were also made 
on a 25,000-kva generator with other data 
similar to the above machine except it was 
built by another manufacturer and simi- 
lar peak voltages were obtained during 
these tests. 

During conferences and correspondence 
on the subject, several suggestions were 


PLAN VIEW 
(c) 


Sketch showing details of damper 
winding installation 


Figure 1. 


(a)—Details of copper connection between 
adjacent poles 


(b}—Section view of field pole showing 
location and dimensions of slots and 
damper bars 


(c) and (d)—Plan and elevation view as- 
sembly sketches 


given for the prevention of damage to the 
equipment due to overvoltage. 


1. A set of specially designed spark gaps 
connected between the high-voltage bus 
and ground and designed to operate with 
a few microseconds’ delay after the ap- - 
pearance of sustained overvoltage. 


2. A combination filter and protective gap 
connected to the generator leads. 


3}, ; The installation of damper windings 
which would effectively limit the magnitude 
of unbalanced, distorted phase potentials. 
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4. | Continue the present practice of operat- 
ing the plant with all generators electrically 
Bes is to the same bus, except as re- 

quired by other system operating condi- 

tions. It was also recognized that it was 

desirable to have other balanced loads 
particularly synchronous motors or con- 
_ densers connected to these machines. 


The first suggestion was rejected be- 


cause of operating problems involved to- 
gether with space requirements and cost. 
The transformers were already provided 
with protective gaps. The second sug- 
gestion was rejected for substantially the 


game reasons. Since the effectiveness of 


the first two suggestions was doubtful 
for this particular application and would 
not correct the cause, it was believed that 
the expense could be used to better ad- 
vantage in correcting the trouble at its 
source. The third suggestion for the in- 
stallation of damper windings was con- 
sidered the most effective because the 
machine characteristics directly respon- 
sible for the overvoltage condition would 
be corrected and other benefits of damper 
windings for improving the stability of 
rotating machines would be obtained. 
Both generator manufacturers concurred 
in recommending the use of damper wind- 
ings as the best solution for the machines 
of their own manufacture. Published in- 
formation on this subject was reviewed 
and technical investigations were made. 

Doherty and Nickle! stated that the 
voltage at short-circuit line to neutral may 
rise to (2 x,//xa’) — 1 times the voltage 
before short circuit on the open phases. 
See table III for the identification of x,’ 
and xq’. This indicated that for a single- 
phase-to-neutral fault on the generator it 
was possible to obtain peak voltages 2.65 
times the normal voltage across the 
terminals of the unfaulted phase. 

The manufacturer gave some indica- 
tions of improvement to be obtained by 
adding damper windings. These values 
given below represent the ratio of the 
peak voltage to normal voltage of the un- 
faulted phase during a line-to-line fault: 


20 Per Cent 
Generator External 
Condition Only Reactance 


je 2 a ae 


Continuous damper 


(a) maximum flux.....-.- {ecko « Laz 

(b) minimum flux........ 1 yi RCA Oe p Oe | 
Discontinuous damper 

(a) maximum flux......- 1 (er 1.5 

(6) minimum flux....... ai be De Sele 


This information indicated the expected 
reduction in peak voltage to be obtained 
with each type of damper winding. 

The paper by Wagner,® written after 
the designs were completed but before the 
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last short-circuit tests, gave some useful 
information concerning the effect of in- 
ductive, pure resistance, induction-motor 
and capacity loads on the peak voltages, 
and the effect of damper windings. On 
page 1389? it is also stated that for a 
terminal-to-terminal fault on an un- 
loaded machine, the crest of the sum of 
the odd harmonics measured from the 
sound phase to the short-circuited phases 
just after short circuit is equal to (3/2) 
(xq’/xq’) times the crest of the normal 
line-to-neutral voltage for a machine 
without dampers, For a machine with 
damper windings the factor is (3/2) 
(x "/xa"). These reactances can be 
identified by referring to table III of this 
paper. If the corresponding values for 
this generator are used, these formulas 
would indicate a ratio of 2.54 without 
dampers and 1.64 with the continuous 
damper which was added. All of the 
above-calculated values, unless otherwise 
indicated, apply to only the generator and 
are in fair agreement when we consider 
the state of knowledge of the subject and 
the differences in assumptions for the 
equations. Other factors, including the 
type and location of fault, different ex- 
ternal impedances, different transmission- 
line constants, and the part of the refer- 
ence-voltage wave at the instant the fault 
occurs (maximum, minimum, or some 
intermediate flux condition) should be 
taken into account, and these result in 
complicated computations. 

During the technical investigations, 
additional information concerning damper 
windings and generator characteristics 
was obtained from published articles by 
Wagner,® Kilgore,* Wright,> Park and 
Robertson,® Linville,’ and Wagner and 
Evans. Clarke, Weygandt, and Con- 
cordia® have reported some additional in- 
formation which was not available until 
our tests were completed. 

Preliminary information the 
manufacturer suggested the use of five 
round one-half-inch-diameter copper bars 
ineach pole. This was a good theoretical 
shape of bar which would result in mini- 


from 


Figure 3. Rotor 
with field poles and 
bolted connections 
between copper 
segments of adjacent 
poles nearly com- 
pleted 
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Figure 2. View showing method of swaging 
copper bars in slots and welding of bars to 
segments of short-circuiting copper rings 


mum change in normal field distribution 
at the surface of the field pole. Round 
bars are very difficult and expensive to 
install in the field on account of requiring 
removal of the laminations from the field 
pole, possible damage to the field insula- 
tion, the cost of making a new die, and 
requiring a punch press. Round bars can 
therefore be better installed at the fac- 
tory. 

During the design, such items as the 
equipment available in the shops and in 
the plant, the classes of workmen avail- 
able to perform each operation, features 
which would require dismantling the 
machine, if this is not desired for other 
maintenance work; obstructions to be 
avoided; available space; provision for 
performing each operation, such as ma- 


chining, welding, etc.; mechanical re- 
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Figure 4. Oscillogram of test number 1 
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quirements and factor of safety during 
maximum overspeed; electrical, insula- 
tion, magnetic, and physical require- 
ments, including thermal expansion, etc., 
had to be considered. 

In order to obtain minimum disturb- 
ance to the normal magnetic field at the 
pole face, the one-quarter-inch minimum 
width of opening into the slot without ex- 
cessive cost was determined by experi- 
ment in the shop. The bars were de- 
signed to have approximately the same 
cross section as a one-half-inch-diameter 
copper bar. Sketches of the preliminary 
design for each of the two ratings of main 
generators in the plant were submitted to 
the manufacturer of the corresponding 
machine for comments. The principal 
changes which resulted were increasing 
the cross section of copper links between 
the copper segments of adjacent poles for 
electrical conductivity and the use of 
bolted connections instead of using lami- 
nated brush copper links welded to the 
copper bar at each end. Slots at the 
bolted connection were considered a bet- 
ter provision for thermal expansion and 
contraction at this location. Sketches of 
the completed design for this machine are 
shown in figure 1. 


Details of the 
Damper Winding Installation 


This generator had been in service 
approximately 12 years and the insulation 
was beginning to show signs of brittleness 
and other indications of deterioration. 
Special handling was therefore necessary 
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in order to forestall serious damage to the 
generator parts during the course of altera- 
tions. Each field pole was carefully re- 
moved by means of a sling and placed on a 
truck for transportation from the power- 
house to the shops which was a distance of 
approximately one-quarter mile. A field 
pole was first mounted on the bed of a 
large planer in the conventional manner 
for cutting the slots, but difficulty was ex- 
perienced in obtaining uniform slots due 
to the tendency of the planer tool to ‘‘dig 
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in.” The scheme selected was a modified 
milling head attached to the cross-feed of 
the planer. This equipment was designed 
and built for this particular application. 
Each of the five slots were cut in three 
transverses of the milling head. The 
angle of the cutter and the position of the 
planer bed holding the pole-piece was 
changed for each cut resulting in a slot 
which has the form of an inverted key- 
stone or dovetail. The field pole was 
clamped securely, and during the cutting 
operation it was covered to prevent steel 
chips from dropping between the wind- 
ings. The accumulation of chips was 
blown away by an air jet as required. 

. The keystone-shaped copper bars were 
inserted in the slots, Figure 2 shows a 
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cradle structure which was used to sup- 
port the field poles and also shows how 
the welding and swaging were done. 
These operations, of course, were not 
performed at the same time. The elec- 
trical bonding at the ends of the bars was 
done by means of a carbon arc and “‘sil- 
phos” welding rod. Sufficient clearance 
was provided between the copper cross- 
connection and the iron laminations to 
allow for only differential thermal expan- 
sion and contraction. An air hammer 
was used in swaging the bars to make the 
outer part of the bars fit more firmly in 
the slots and prevent noise or excessive 
vibration while in service. 


During the progress of the work, a num- 
ber of tests were made to check the ex- 
pansion of the bars while carrying heavy 
60-cycle alternating currents. Sample 
welds and mechanical and electrical tests 
were made, as required, in order to check 
the suitability of the installation as well as 
the electrical and mechanical require- 
ments. 

Figure 3 shows the field poles nearly all 
assembled on the rotor. The copper bars 
which form the electrical connections be- 
tween the damper bars of adjacent field 
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Figure 5. Oscillogram of test number 2 
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poles may also be seen near the upper and 
lower part of each field pole. These bars 
are bolted together with steel machine 
bolts and steel keeper washers are used to 
prevent them from becoming loose. 
Each part of the generator was marked 
before dismantling and the parts were re- 
assembled in their original locations. 
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The generator rotor and shaft were re- 
aligned on being put back together. All 
parts were cleaned and the coils were 
treated with insulating varnish during the 
course of the work. The machine when 
finally put back in service was in better 
operating condition than before this work 
was started. 


Short-Circuit Tests 


After the generator was reassembled, 
short-circuit tests were made to determine 
the effectiveness of the damper windings. 
The test conditions were made to corre- 
spond with those during the tests made 
before the installation of damper wind- 
ings. 

The generator windings are connected 
in wye with the neutral point grounded 
through a resistor. The low-voltage side 
of the power transformer bank is con- 
nected in delta and the high-voltage side 
is connected in wye with the neutral 
solidly grounded. Potential transformers 
connected wye-wye to the low-voltage 
bus made possible the measurement of 
phase-to-phase, 
tentials. 


or phase-to-ground po- 
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or in the circuit be- 
tween the transformer-bank neutral point 
and the station ground. 

Oscillograph records were made of the 
fault current and the unfaulted phase-to- 
ground potential on the high-voltage side 
and the three phase-to-neutral potentials 
of the generator. Records of field current 
and other features were taken during some 
of the tests. 

All of these staged short-circuit tests 
were made on the Wilson Dam to Center- 
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Figure 6. Oscillogram of test number 8 
T. 60-cycle timing wave 

4. Generator phase-A-to-neutral voltage 
9. Generator phase-C-to-neutral voltage 
3. Generator phase-B-to-neutral voltage 
4. Line phase-B-to-neutral voltage 

5 
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Line phase-A current 
Transformer neutral current 


the high-voltage metering equipment are 
normally connected open delta and these 
were reconnected to measure the potential 
between the unfaulted phase of the high- 
voltage bus and ground. High- -voltage 
short-circuit currents were measured by 
means of wound-type eurrent transform- 
ers located either in the high-voltage 
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ville section of the Wilson-West Nashville 


154-kv line. This section of the line was 
taken out of service and fault connections 
were made at Centerville, Tenn., which is 
68.36 miles from Wilson Dam. The 
generator combinations were connected 


to energize the transformer bank at ap- 


proximately no-load voltage, and the 


faults were initiated by closing the high- 


voltage line breaker. Another high- 
voltage breaker and the low-voltage bus 
breakers were used for back-up breakers 


in case of emergency. 

Test numbers 1 to 5, inclusive, in table I 
were made before damper windings were 
added. Test numbers 6 to 9, inclusive, 
were made after damper windings were 
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Figure 7. Oscillogram of test number 9 
T. 60-cycle timing wave 

1. Generator phase-A-to-neutral voltage 
2. Generator phase-C-to-neutral voltage 
3. Generator phase-B-to-neutral voltage 
4. Line phase-B-to-neutral voltage 

5 
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added to generator number 8. During 
the comparison of results it was observed 
that tests 1 and 2 were made with 11,500 
rms volts between generator terminals; 
tests 3, 4, and 5 were made at 11,400 volts 
and tests 6 to 9, inclusive, were made at 
10,700 volts. In order to have all tests 
on the same basis for comparison, the 
peak voltage between the low-voltage bus 
and ground before the fault was applied 
was used as 100 per cent and compared 
with the corresponding voltages during 
the fault. The corresponding peak volt- 
age between the high- voltage bus ard 
ground before the fault was applied was 
obtained by calculation from the trans- 
former ratio and used as 100 per cent for 
comparison with peak voltages existing 
during the tests. The transformer ratio 
was 10,980 volts delta to 154 kv wye. 
The maximum peak voltage obtained 
from the oscillogram after the fault was 
applied was expressed as a percentage of 
the corresponding initial peak voltage. 
These percentages were used as the basis 
for comparison. 

These tests were made with no-load 
voltage on the generators. The fault 
currents and also the peak voltages during 
the fault would be higher if the generators 
had additional excitation with the gener- 
ators under load. An approximate esti- 
mate of the increased voltage peaks due to 
additional excitation under load could be 
obtained by using the generator magneti- 
zation curve for the corresponding field 
current under load conditions and using 
the ratio of the new voltage to the yolt- 
ages at which these tests were made. An 
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Table I. 


Test 


Number Conditions 


Phase 


Summary of Tests 


ee 


High- 
High-Voltage Voltage 
Low-Voltage Bus Line Unfaulted Line Fault 
Phase to Ground Phase to Ground Amperes 
Peak Volts Peak Volts at Nine 
Cycles 


(Kv) (PerCent) (Kv) (Per Cent) (RMS)* 


a i ee ee 


1 Generators 5 and 6, no reactors, bank Ais teak 6.54 (1 BR aan tetera Cab cache Gee 444 
12, phase-C-to-A fault Binns 20 Ome DME OOS GP he POOR GO 
(Orennee L784 nc BOE teartere anit tench ene & 
2 Generator 6 with reactors, bank 12, Aiceas 0) 4805, OS. Oc Mate tae era: 236 
*  phase-C-to-A fault ‘Bente 17.25... 183 .803 ea aelitatas en aatnias i 
CSiies Le WTA net hOORL snc oees heer Rs ne aha 
3 Generator 8, regulator in, no reactors, Assen 20.55. ..220.5 .3843 E261 hence 5 
bank 11, phase- B-to-C fault Benen De SS eral Oo Ocaanine en emer ene 
(Seanee O05 eierei OSS craic siete en isies scl Meme 291 
4 Generator 8, regulator in, no reactors, Anarene VEOH foc, C1049) OGk Din DOM eres 
bank 11, phase B-C-ground fault Bian 126.3 USOVS nape een ceete sie ote tee 
Case's S505. O58 cant Kia NTA tee 251 
5 Generator 8, regulator in, no reactors, Alnrites Shs, fil tc eee eter ae eee ae? mt oe 
bank 11, phase-A-ground fault Benes LO tg eo Pk Misi erties Crate ee 
Gunes good EP ice cle aac sopns 
6 Generator 8, regulator in, bank 11, no A reves 5.4. OL Sin striais oct erate 211 
' reactors, phase-A-to-C fault vs Pyare Lome silks. 2082s ers LOGW dere eres 
y Gace LISTERS Cree Mite MG Mo Se OR HAIME aihn an le 
a. Generators 7 and 8, regulators in, no Aone G00 Ne O82 8h wine aac pene. Lia ee 325 
; reactors, bank 11, phase-A-C fault Bikes 14.0 ...160.3 . 231 3186's Sorters 
Care Leo a re clOL ae eae outa. ee Cael 
8 Generator 8, regulator in, no reactors, Axcene SiS RRM Ob som era tee ee 245 
bank 11, phase-A-C-ground fault Bivenan LORSo meal Lote 156.7 dD BaD svete caine cc 
. Crees LS SLE SRL BOW Brae were eke eee at 
9 Generator 8, regulator in, no reactors, oA dieters b(n ore MOONE nc be demon arin woh cpeee 304 
bank 11, phase-A-ground fault L355 65 hye EE Ae Nee Slop 

Grae. 13.45...154 


* The current waves are not all perfect sine waves. 
approximate. 


These root-mean-square currents are therefore 


Table Il. Comparison of Test Results 
ceeeemoereneers Sammie = 
Maximum Maximum 
Per Cent Per Cent 
Peak Volts Peak Volts Dampers Volts Volts 
Without Dampers in One Generator Decrease Increase 
—_ With Without 
Ky Per Cent Ky Per Cent Dampers Dampers 
Test Conditions Bus (1) (2) (3) (4) (5) (6) 
Two generators } ee eee 20.3 2159 Gener 14.3 164 oe wee 23 eee 31 
Phase-phase fault Vee arte 303 - 22 ti eee 231 Prorat eslile es oe peas S20 Dae 22 
One generator } ped dele: vars 20.55. PAVING A oe on 13.63. OB es OCP) ticckeee 41.3 
Phase-phase fault FLV eres. 343 20) | 2 ae 206.2 LOGi ears 3654 eee 57.2 
One generator 
Phase-phase-ground fae aod atiey Weipa es 142 FO. eee 13.1 150 eee - Bee oe ae 5.2* 
Ane FLV eran 196.5 . L605. eae 156.7 126.5 eee, WSO. 6 obec 18.6 
One generator nay acon Film no good ...... 13.45. LOS Sapir ssc Maerker 
Phase-ground fault EL Vis tienta x PUNO voit wan. 148.7 1 EP nseruh Ae 29 Oe enee 42 


Note: Designation (LV) above refers to the maximum bus-to-ground peak voltage of t 
of the low-voltage bus as recorded in table I, Summary of Tests. 


he three phases 


(5)—Column (2) minus column (4), expressed as a percentage of column (2), 
(6)—Column (2) minus column (4), expressed as a Percentage of column (4). 
* An increase in voltage at low-voltage bus is indicated, but the high-voltage line shows a reduction. 


exact solution would require detailed 
calculations involving the internal charac- 
teristics of the generator, 

Figures 4 to 7, inclusive, are oscillo- 
grams of test numbers 1, 2, 8, and 9, re- 
spectively. The voltage and current 
values printed on the films of figures 4 and 
5 are the magnitudes at nine cycles made 
during preliminary analyses. The maxi- 
mum peak voltages used for the compari- 
son of test results are given in table I. 

Table I shows the station combinations 
used for each test, the type of fault, and 
the resulting peak voltages and per-cent 
voltages. Generators 5, 6, 7, and 8 are 
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identical machines and the transformer 
banks are identical, 

Table II is a comparison of test results 
before and after damper windings were 
added to generator number 8. This table 
also shows the per-cent increase in peak 
volts which were obtained before this 
type of damper winding was added to the 
generator. The advantages to be gained 
by adding damper windings to water- 
wheel generators now in service are self- 
evident. 

Theoretical calculations were not made 
to determine if a different length of trans- 
mission line would result in higher peak 
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voltages. C. F. Wagner? has reported 
that transmission lines having different 
lengths or different constants will produce 
harmonics of different magnitude and 
therefore different peak voltages during 
unbalanced faults without damper wind- 
ings in the generator. 


Changes in Generator Reactances 


Table III gives the calculated per unit 
reactances of the generator without 
damper windings and the corresponding 
values after damper windings were added. 
These calculated reactances were ob- 
tained from the manufacturer. 


Conclusions 


1. The results obtained in the reduction 
of peak voltages for different types of 
unbalanced faults are summarized in 
table II. These percentages may change 
a slight amount if the faults occurred at 
different points of the voltage wave of the 
short-circuited phase, but these tests may 
be considered as representative of the 
improvements to be expected. 


2. These tests show that one generator 
with damper windings when operated in 
parallel with another generator without 
damper windings is very effective for 
reducing the peak voltages during un- 
balanced faults. 


3. A close inspection of the open-circuit 
voltage of the oscillograms in figures 6 and 
7 will reveal five very small voltage ripples 
corresponding to the five damper bars 
in each pole. These voltage ripples, or 
harmonics, are too feeble to cause telephone 
interference and they are not noticeable 
when the machine is operated in parallel 
with another generator. These harmonics 
can be reduced by using round copper bars 
or reducing the width of the dovetail- 
shaped copper bars near the surface of the 
field poles, but it would be more expensive 
and would result in a more difficult me- 
chanical job of machining the slots for the 
damper bar installation. 


4. Since the direct axis subtransient, 
negative-sequence, and zero-sequence re- 
actances have been reduced, the fault cur- 
rents are increased by the addition of 
damper windings. However, for faults 
beyond the generator bus the external 
impedance prevents the fault current from 
being increased in direct proportion to 
the reduction in generator reactance. 
Table I shows the comparative root-mean- 
Square fault currents in the high-voltage 
line nine cycles after the beginning of the 
fault. 


5. It is believed that the installation of 
damper windings will solve some of the 
problems of operating companies who have 
unexplained voltage surges during system 
disturbances, 
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Discussion 


H. E. Bussey (General Electric Company, 
Atlanta, Ga.): The authors of this paper 
present in an admirable manner the ad- 
vantages to be derived by the addition of 
amortisseur windings to salient-pole gen- 
erators in the suppression of overvoltages 
occasioned by short circuits. Great in- 
genuity is shown in coping with the me- 
chanical problems incident to the installa- 
tion of amortisseur windings in a generator 
as large as this, not originally designed for 
amortisseur windings, and with limited 
mechanical facilities. 

Much has been written on this subject as 
may be seen from the bibliography ac- 
companying the paper, but only in the last 
few years has any great weight been given 
to the importance of amortisseur windings 
on salient-pole generators in the suppression 
of high voltages under short-circuit condi- 
tions. 

The present paper is an important con- 
tribution in that it presents the field ex- 
perience before and after the application of 
amortisseur windings, so that a direct com- 
parison can be drawn as to the effectiveness 
of the addition. 

The authors mentioned in the bibliog- 
raphy accompanying the paper the work of 
Clarke, Weygandt, and Concordia as 
represented by AIEE paper No. 37-74. 
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In this paper some very important considera- 
tions are set forth and while the paper by 
Clarke, Weygandt, and Concordia is now of 
common knowledge, a statement of the 
conclusions of this paper may not be out of 
order in this discussion. It is stated that 
the principal determining factor for the 
magnitude of overvoltages caused by line-to- 
line short circuits is the ratio x"/xq", of 
quadrature-axis subtransient reactance to 
direct-axis subtransient reactance, and that 
this ratio is a function of the amortisseur 
characteristic. 

The maximum possible overvoltage 
caused by a line-to-line short circuit on an 
open-circuited machine is given very closely 
by the formula 


€mazr = 2 ae = 
Xa 

An important point is that the overvoltage 
may be considerably increased over the 
value of this equation by terminal capaci- 
tance, the worst condition arising when the 
capacitive reactance is equal to nine times 
the negative-sequence reactance of the gen- 
erator. 

In the design of an amortisseur winding 
for salient-pole generators, consideration 
must be given not only to the design con- 
stants of the generator and to the character- 
istics of the transmission line and the load, 
but should also take into account the effect 
of the design of the amortisseur winding on 
the reactances of the machine. 

For the reasons pointed out, it is desirable 
that where amortisseur windings are to be 
applied to existing machines that the manu- 
facturer be freely consulted as much valu- 
able data on the design constants of the 
generators in question is available from this 
source. Manufacturers will, I am sure, 
be glad to co-operate on existing machines 
not having amortisseur windings. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): This paper is of con- 
siderable interest as it shows the results 
of tests made on the same machine under 
similar conditions before and after an amor- 
tisseur winding was installed. Such a di- 
rect comparison is not always possible. 
These tests indicate the improvement that 
may be realized by the use of an amortisseur 
winding, and are in general agreement with 
the mathematical analyses which have 
recently been made of this phenomena. 
Whether or not to install amortisseur 
windings in water-wheel generators has been 
the subject of discussion for a number of 
years. It has been realized that they are 
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generally beneficial. However, these bene- 
fits did not always seem to be sufficiently 
important to justify the additional expense 
of their installation, As a result, as stated 
by the authors, there are many water-wheel 
generators which do not have amortisseur 
windings. It seems to be in order briefly to 
review benefits which are now recognized 
as being obtained by their use in water- 
wheel generators. 


1. Amortisseur windings are of value in providing 
additional torque for generators which are auto- 
matically synchronized when such synchronization 
may occur when the machine is out of phase or 
slightly off system speed, and also in increasing 
the possibility of pulling back into synchronism in 
case synchronism is lost following a system dis- 
turbance. The amortisseur windings give addi- 
tional torque besides that provided by the main 
field winding, which may be quite limited except at 
a slip very close to synchronous speed even when 
the discharge resistance is in the circuit, because of 
the inadvisability of using a high value of discharge 
resistance, 


2, Amortisseur windings reduce hunting which 
may become a definite problem under certain cir- 
cuit conditions as they provide positive damping 
when a machine is operating at light load. This is 
of particular value when it is desired to operate a 
water-wheel generator as a synchronous condenser 
or under the condition of overexcitation with small 
kilowatt load. The tendency for oscillation is in- 
creased when the machine is connected by lines 
having an appreciable amount of resistance to the 
power system or load. 


3. Amortisseur windings, because of their tendency 
to damp out the oscillations more quickly, are of 
some benefit in improving the ability of machines 
to ride through system disturbances, faults, and 
switching operations. This gain in stability, how- 
ever, is small. High-resistance amortisseur wind- 
ings or a double amortisseur winding having low- 
and high-resistance windings were at one time pro- 
posed. The advantage of the high-resistance wind- 
ing is that it provides a braking torque during the 
period in which an unbalanced short circuit is on 
the system. This torque, to the extent that it 
loads the generator, is of benefit in increasing the 
stability limits. However, with quick switching 
and the need for systems to ride through the more 
severe three-phase faults, the benefits of a high- 
resistance winding do not seem to justify the ex- 
pense of its installation. 


4. Amortisseur windings are effective in reducing 
circuit-breaker recovery-voltage rates. Messrs. 
Park and Skeats have shown that the rate of rise 
is a function of the ratio xg”/xa". 


5. Amortisseur windings are also of benefit in 
protecting the field winding against current surges 
in the armature circuit which may be caused by 
lightning or internal short circuits. The amortis- 
seur winding reduces the induced voltage in the 
individual field-pole windings and is a factor under 
these conditions in reducing the field circuit insula- 
tion stress. 


6. Amortisseur windings are effective in reducing 
the overvoltages due to unbalanced faults as has 
been shown recently by two papers, which have 
analyzed this phenomena, and by the paper under 
discussion, which has indicated by test the improve- 
ment which may be obtained by the use of amortis- 
seur windings. 


The reduction of overvoltages due to un- 
balanced faults is another reason pre- 
viously not fully recognized why an amor- 
tissuer winding should be used in a water- 
wheel generator. With the effort to co- 
ordinate insulation levels and provide 
proper protection for system equipment, 
the use of a properly designed amortisseur 
winding is a step in a direction which will 
allow further economies and improvements 
to be made. It now appears that with a 
fuller recognition of these advantages 
amortisseur windings will be used more in 
the future than they have been recently. 

We believe that it would be very interest- 
ing and worth while if.the authors could 
give information as to the ratio of the quad- 
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rature to the direct axis reactances before 
and after installation of the amortisseur 
windings. If static tests for the x,” and 
xa” could be made, this would be an indica- 
tion of the effectiveness of the amortisseur 
windings at Wilson Dam, as the ratio of 
these reactances is a fair measure of the 
ability of the amortisseur to reduce the 
overvoltages. In checking over the data 
given in the paper, apparently the reactance 
of the transformer banks (11 and 12) used 
in the tests was not given. This would be 
of interest if it were desired to make calcula- 
tions to check the magnitude of overvoltage 
obtained in the tests. 


R. B. George: I wish to acknowledge the 
fine co-operation we received from the 
manufacturers during this work, particularly 
in furnishing generator reactance data and 
in giving constructive criticism of the pro- 
posed design before we started the work 
of installing the damper windings. 

Mr. Bussey’s statement concerning how 
much has been written on this subject is 
true at the present time, but the most useful 
contributions for future undertakings were 
published after our designs were completed. 
Wagner’s paper? and Clarke, Weygandt, 
and Concordia’s paper® were published after 
our design was completed. Mr. Wagner 
also published a series of articles on this 


subject in the Electric Journal during . 


1938. When my theoretical studies were 
made, the paper by Doherty and Nickle}! 
and Wagner’s paper’ were the only ones I 
found directly applicable to the problem. 
Some useful information is contained in 
references 4 to 8, inclusive, of the bibliog- 
raphy but, since these papers cover differ- 
ent subjects or viewpoints, one should be 
well acquainted with the technical features 
of the problem to apply them to this problem. 

Mr. Crary’s discussion gives a good sum- 
mary of the uses of damper windings and 
the benefits to be obtained by installing 
them. 

For the generator without damper wind- 
ings, the ratio x,’/xg’ = 1.825. After 
damper windings are added, we use the 
ratio x7”/xq” which is equal to1.132. Since 
the ratio of the quadrature-axis reactance to 
the corresponding direct-axis reactance is a 
measure of the peak voltage during un- 
balanced faults, a reduction of 37.97 per 
cent is indicated. The calculated values of 
quadrature-axis and direct-axis reactances 
are given in table III of the paper. No 
tests were made to measure the various 
reactances because such tests are expensive 
and some of them would require precautions 
to prevent injury to the windings of a 
generator which had been in operation for 
nearly 12 years. 

The transformer banks were identical 
and have 0.221 per cent resistance and 
9.88 per cent reactance at 65,000 kva base. 
The constants of the transmission line are 
23.4 ohms resistance, 53 ohms reactance, 
349 X 10° mhos total susceptance, length 
67 miles, and operating voltage 154 ky. 

If studies of combinations of generator, 
transformer, and lines are made, the induc- 
tance corresponding to the negative-se- 
quence reactance should be used at the 
harmonic frequency being studied. For- 
mulas for various features or combinations 
may be found in references 1, 2, and 9 of the 
bibliography. 
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Reconditioning of Insulating Oils by | 
Activated Alumina 


By J. E. HOUSLEY 


ASSOCIATE AIEE 


HE use of insulating oil in electrical 

equipment carries with it the problem 
of prevention of deterioration when the oil 
is subjected to elevated temperatures in 
the presence of air. Deterioration may 
be accelerated by the presence of moisture 
and organic acid. This condition is 
found in certain types of transformers and 
oil-filled bushings. 

Since oxidation of oil results in an in- 
creased acidity which can be determined 
by tests, it is possible to gauge the rate of 
deterioration by making tests at intervals. 
The degree of deterioration is determined 
by the weight in milligrams of potassium 
hydroxide required to neutralize the acid- 
ity of one gram of oil. This test has been 
described by the American Society for 
Testing Materials as a ‘Tentative 
Method of Test for Neutralization Num- 
ber for Petroleum Products and Lubri- 
cants,” designation: D-188-27-T. The 
neutralization number so obtained is the 
weight in milligrams of potassium hy- 
droxide to neutralize one gram of oil. 


Effects of Oxidation 


After oil has reached a relatively high 
acidity number the products of oxidation 
appear as a sludge in the oil. A pasty 
coating forms over all parts of the equip- 
ment which are immersed in oil. The de- 
posit is greater in thickness where there is 
a marked differential in temperatures be- 
tween the oil and the immersed surface. 
The increase in the thickness of the de- 
posit is especially noticeable on water 
cooling coils. In the case of transform- 
ers, the removal of heat from the core to 
the heat-radiating surface is retarded and 
the transformer operates at an increas- 
ingly higher temperature under a given 
load condition. In time the transformer 
must be removed from service and the 
sludge washed from the core with a high- 
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pressure stream of oil, and the sludge 
must be removed from the cooling coils or 
other radiating surfaces. 

In oil-filled bushings a number of fac- 
tors affect the formation of acid and 
sludge. Means are usually taken to 
shield the oil in the gauge glass from sun- 
light by the use of paint or amber glass. 
Contact of circulating oil with air should 
be avoided. Heat from sunlight with a 
higher ambient temperature on trans- 
former locations indicate that transformer 
bushing oil should have a higher rate of 
acid formation. The neutralization num- 
ber obtained by testing the oil in a large 
number of 150-kv bushings indicated that 
sludge formation would start in about 
four years where the bushings were lo- 
cated on transformers, and in about five 
years where the bushings were located on 
oil circuit breakers. After the neutraliza- 
tion number reached 0.5, considerable 
difficulty was experienced in cleaning the 
bushings free of sludge. Where the 
bushings were not equipped with a device 
to prevent the entrance of moisture, a 
considerable amount of water was found 
in the oil. Some bushings are now 
equipped with a device to prevent the 
entrance of moisture and at the same time 
circulation of the oil in the body of the 
bushing does not bring it in contact with 
the air surface. The principle of the 
conservator type of transformer is used 
in this device. 


Control of Oxidation 


In recent years the rate of oxidation has 
been brought under control by the use of 
two methods in new transformers. One 
method is the use of the conservator type 
of transformer, and the other method in- 
volves the introduction of nitrogen in the 
place of air above the surface of the oil. 

In several large industrial plants the 
problem of maintenance of electrical insu- 
lating oil in old transformers became 
acute. About 500,000 kva capacity in 
both high- and low-voltage transformers 
were involved in the problem. In 1932 
experiments were started with the use of 
activated alumina both as a desiccating 
agent and acid adsorption agent in the 
control of oxidation of oils in steam and 
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hydraulic turbines, transformers, and 


_ bushings. 


Qualities of Material 


Activated alumina is a relatively new 
type of solid adsorbent and it has been 
employed as a desiccant for dehydration 
of gases, vapors, and liquids. In the 


_ treatment of oils its selective adsorptive 


property was found to be very effective 
for the removal of acid in solution. The 
method which has proved satisfactory is 
to contact the oil with activated alumina, 
after the oil has been treated in a centri- 
fuge or a blotter-paper press to remove 
the sludge and moisture. A_ sufficient 


TRANSFORMER 


Figure 1. Schematic diagram of oil treating 
equipment using open-type tanks 


time-interval contact with the activated 
alumina is necessary to allow adsorption 
through the highly porous granules. 
The material is essentially aluminum 
oxide, in porous form. It is classed 
among the commercially pure chemicals. 
For oil treatment the best results were 
obtained with grade-A activated alumina 
in granular form, crushed to 4-8 mesh 
size. The granules have high strength 
and resistance to crushing, shock, and 
abrasion and, therefore, tend to retain 
their original size and produce a minimum 
of dust during use. The weight of the 
packed material is approximately 50 
pounds per cubic foot. The size of parti- 
cles was selected to give a satisfactorily 
low resistance to flow of oil through the 
filter bed. The most important problem 
in developing the material for the main- 
tenance of oil was the reactivation of the 
material after it had reached its adsorp- 
tive capacity. This placed the material 
on an economic parity with fuller’s earth. 
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Certain advantages and economies accrue 
to the operating engineer in having a 
single material which will cover the usual 
problems encountered in the maintenance 
of oil. The major requirements may be 
stated as follows; The removal of mois- 
ture and the removal of acidity as formed 
in the oil contained in oil-filled bushings. 
The removal of acidity from deteriorated 
oil. The removal of acidity from recondi- 
tioned or new oil by automatic external 
apparatus or by direct immersion in oil 
storage tanks or in certain small oil-filled 
apparatus. 


Method of Use 


In large transformers which could not 
be removed from service for an extended 
period, the following method of removal of 
acidity was used. All sludge was re- 
moved from the tank and core of the 
transformer as well as from the oil. After 
returning the transformer to service, the 
oil was circulated through a blotter-paper 
press into a tank filled with activated 
alumina and thence through an automo- 
bile-type filter into the transformer. The 
tank should be of a closed type if the 
pump on the filter is used to force the oil 
through the activated alumina into the 
transformer. Sludge-free oil may be 
caused to flow by gravity through the 
activated alumina into the blotter-paper 
filter press and pumped directly into the 
transformer. In this case the tank con- 
taining the adsorbent need not be a closed 
vessel. The oil should be admitted at the 
bottom and flow upward in order to carry 
a minimum of dust, although the amount 
of dust is very small. The open-type 
tanks used consisted of discarded lightning- 
arrester tanks. In treating 12 7,000- 
kva transformers, 150/13.2-kv rating, 
1,600 pounds of activated alumina was 
used, half of the quantity being placed in 
each tank. Each transformer contained 
3,300 gallons of oil. Figure 1 shows a 


Figure 2. Open-type oil treating tanks 


diagram of the arrangement of the equip- 
ment, using open tanks. Figure 2 is a 
photograph of the open-type tanks. 


Quantity of Material 


The quantity of activated alumina re- 
quired for a given amount of oil is based 
on the condition of the oil and the final 
neutralization number desired. This 
may be determined by reference to figure 
3. Inthe foregoing example, the oil hada 
neutralization number of 0.70. A final 
neutralization number of 0.10 was de- 
sired. The approximate weight of one 
gallon of oil is 71/2 pounds. The weight 
of 3,300 gallons of oil is 24,750 pounds. 
Referring to the chart, figure 3, the initial 
acidity of 0.70 is found and traced verti- 
cally to the intersection with the curve 
marked 0.10 as final acidity and to the 


WEIGHT OF ACTIVATED ALUMINA IN 
PER CENT OF TOTAL WEIGHT OF OIL 


4 
Figure 3. Chart A 
showing quantity of 
activated alumina 
. . @) 
required for oil ‘ a5 we 
treatment 
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left horizontally where the weight of 
activated alumina will be found to be 6.3 
per cent of the total weight of the oil. 
Therefore, 1,559 pounds will be required 
to treat the specified 3,300 gallons of oil. 
About 60 gallons of oil remained in the 
activated alumina and was lost during 
each reactivation. 


Time Required 


The length of time required for the 
correction of acidity varies according to 
certain conditions. The higher the acid- 
ity the faster the correction for a given 
amount of material. The longer the 
material is used, between reactivations, 
the slower becomes the rate of adsorption. 
It is economical to reactivate the ma- 
terial before reaching the end point. 
There is a slight slowing up in efficiency of 
the process on account of low tempera- 
tures. 

The minimum size of transformer 
treated was 100 kva. Insmall transform- 
ers the best method is to suspend a canvas 
bag, filled with activated alumina, inside 
the transformer. If this is not desirable, 
the oil may be accumulated and treated 
in a quiescent state for ten days in a tank 
containing about one-tenth pound of 
activated alumina for each pound of oil. 
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The tank may be refilled with oil several 


_ times before reaching the capacity of the 


adsorbent. The maximum time required 
for treatment of one transformer was 
eight weeks for a 14,000-kva transformer 
containing 4,000 gallons of oil. One 
operator was used, working 40 hours per 
week, 2,100 pounds of activated alumina 
were used. (The acidity at the beginning 
was at neutralization number 0.98 and 
0.14 at the end.) 

Inthe treatment of 12 7,000-kva trans- 
formers of the type described in the pre- 
ceding paragraph, one operator worked 40 
hours each week for six weeks on each 
transformer. The oil was circulated at a 
rate of 7,000 gallons per week or 175 gal- 
lons per hour. Rapid circulation does 
not give a sufficient time for the oil to re- 
main in contact with the material. The 
acidity was reduced from a neutralization 
number of 0.70 to 0.10. The rate of 
correction by weeks follows: 


Hirst: week. cme Seeeseat eee 0.70 to 0.46 
Second iweekw.n... cee mee 0.46 to 0.34 
Third: weekinnsensceect ae 0.34 to 0.22 
Fourth) weekaSs) acer aero 0.22 to 0.17 
Wifth' week=ss arveone ie enee 0.17 to 0.12 
Sixth: weelcy. yee eee 0.12 to 0.10 


The material was reactivated at the end 
of the second and fourth weeks in order to 
gain a slight increase in rate of correction. 
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Figure 4. Reactivat- 
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ing unit 
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During the reactivation process, one tank 
containing 750 pounds of material would 
be taken out of service with the other tank 
maintained in operation. After the proc- 
ess slows up, experience indicates that the 
final reduction may be made automatic 
by the means of using a thermo-syphon 
by-pass filter. By the use of the proper 
quantity of material the acidity may be 
further reduced or an equally satisfactory 
condition is to maintain the oil at a rea- 
sonably satisfactory level which is be- 
lieved to be anywhere below a neutraliza- 
tion number of 0.20. In the job de- 
scribed the process was continued two 
weeks longer than usual because the 
transformers were being fitted with inert- 
gas equipment and the automatic equip- 
ment was not considered necessary. 


Reactivation Process 


It has been indicated that there is a 
definite limit to the amount of acidity 
which may be adsorbed by the material. 
After this point is reached, the activated 
alumina may be reactivated. This also 
means that a smaller amount of material 
may be used by stopping the operation 
and reactivating the adsorbent as many 
times as necessary. No limit has been 
found in the number of times reactivation 
may be made, but the mechanical wear 
during handling will cause a loss of about 
3 per cent during each reactivation. 

The reactivation process consists of 
heating the oil-soaked activated alumina, 
in a suitable container, with hot air at 400 
degrees Fahrenheit blown through the 
bed of alumina. When the temperature 
of the bed exceeds the ignition tempera- 
ture of the oil, combustion proceeds with 
air supplied at room temperature until all 
carbonaceous material is consumed. 
Control of the draft should be used so that 
the temperature of the activated alumina 
does not exceed 1,000 degrees Fahrenheit, 
Temperatures in excess of 600 degrees 
Fahrenheit permanently impair the acti- 
vated alumina for the adsorption of mois- 
ture, but do not affect its property of 
adsorption of acid from oil 


Reactivation Unit 


A diagram of the reactivating unit is 
shown in figure 4. A 3,600-rpm two-inch 
blower, driven by a one-fourth-horse- 
power motor delivers 150 cubic feet of air 
per minute to the heating chamber which 
contains 10 kw in electric space heaters. 
A four-inch pipe conducts the air, heated 
to 400 degrees Fahrenheit, to the base of 
the tank containing 400 pounds of acti- 
vated alumina, The opening of the coni- 
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Figure 5. Reactivating unit 


cal base is covered with a cast-iron slid- 
ing door, perforated to admit the air 
blast. The tee-fitting is attached to the 
base of the container and a blank cover is 
bolted on. This cover is removed and 
the sliding door or grate above is removed 
in order to remove the material after 
reactivation. Figure 5 is a photograph 
of the combined reactivating and oil 
treating unit. 


Care of Oil 


Consideration has been given to oil 
which had reached an advanced stage of 
deterioration. After an oil has been 
cleaned and the reduction of acidity ac- 
complished, or in the case of new oil, it is 
desirable to maintain the oil well below the 
sludging point. In order to do this the 
transformers have been equipped with a 
small external tank filled with activated 
alumina in six-ounce canvas bags. In one 
group of 14 2,500-kva transformers, the 
external tank was made from a four-foot 
section of 10-inch pipe, fitted with flanges 
at top and bottom. A one-inch diameter 
pipe connects from the top of this tank to 
the oil filling connection at the top of the 
transformer. A similar pipe connects the 
bottom of this tank to the drain connec- 
tion on the transformer. The difference 
of temperature between the top and bot- 
tom of the transformer provides a circu- 
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lation of the oil by thermo-syphon effect. 
The external tank was charged with 50 
pounds of activated alumina which will 
maintain the 700 gallons of oil contained 
in the transformer at the original acidity 
for one year. These transformers are 
operated at a slight overload continuously 
and past experience indicates that the 
neutralization number increases about 
0.20 in one year. With a known rate of 
deterioration and a given quantity of oil, 
the size of the by-pass unit may be deter- 
mined for any desired time interval by 
reference to chart, figure 3. Figure 6 
shows a thermo-syphon treater mounted 
on each of three 333-kva, 13,000/440-volt 
transformers. 
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Oxidation of Treated Oil 


Experience with transformers operating 
with treated oil, dating from 1932 to the 
present, indicates that none of the old 
types of oil as well as the new types of oil 
show an increase in acidity at a faster rate 
after having the acidity lowered by this 
treatment. This examination included 
transformers ranging from 100 kva to 
14,000 kva. 


Bushing Oil 


More than 75 150-kv bushings have 
been equipped with a small bag, made of 
heavy cotton cloth, known as domestic, 
filled with three pounds of activated 
alumina. This bag is coiled in the form 
of a horseshoe in the glass bowl at the top 
of the bushing. This is the maximum 
quantity which could be placed in the 
space available. Experience checks the 
calculation that this amount of material 
should keep the oil in original condition 
for two years. The bags are changed 
during the regular inspection periods. 
The use of new material permits the use 
of water adsorption, in addition to acid 
adsorption. Experience indicated that 
all of the water which entered by breather 
action was adsorbed by the material. 


Transformer Breather 


Another serious contamination of trans- 
former oil results from the entrance of 
water into transformers through the nor- 
mal breather action caused by changes in 
temperature. The prevention of en- 
trance of moisture has been studied as a 
parallel problem to the one of preventing 


Figure 6. Thermo-syphon treaters 
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the ill effects of oxidation. A very 
practical type of dehydrator was de- 
veloped with a sight indicator showing 
the condition of the desiccator in relation 
to exhaustion of adsorption properties. 
The design is shown in figure 7, and a 
photograph of one installation is shown in 
figure 8. In this installation, the ma- 
terial used was 20 pounds of grade £, 8-14 
mesh, activated alumina, which is colored 
by a chemical which is blue when the ma- 
terial is in the dry state. As moisture is 
adsorbed it gradually fades to a light pink 
when completely saturated. The physi- 
cal state of the material does not other- 
wise change. The material may be re- 
activated, unless accidentally oil-soaked, 
by heating in a ventilated electric oven to 
a temperature of 350 to 600 degrees 
Fahrenheit until the blue color is restored. 

The first transformers to be equipped 
were five 4,000-kva oil-insulated self- 
cooled units. At the time of installation, 
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Figure 7. Transformer breather using activated 
alumina 


the dielectric test of the oil averaged 22,- 
400 volts. Three months later the aver- 
age test was 28,800 volts. These trans- 
formers previously required filtration of 
the oil to remove moisture every 12 
months, 
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Conclusion 


The development of the apparatus and 
methods for the maintenance of oils has 
given the industry a new approach to 
a difficult problem which concerns the 
continuity of service of power equipment. 
Other materials which have long been 


Figure 8. Transformer breather 


available were restricted to use in central 
storage and treating plants. Such use is 
restricted to treatment after considerable 
deterioration has taken place. A pro- 
gram of preventive maintenance led to the 
development of apparatus and the selec- 
tion of a material which would remove 
acidity as formed in field apparatus. The 
problem was not considered solved until 
methods, apparatus, and material were 
adapted to portable use in any field loca- 
tion. One operator of a semi-skilled type 
is required only during the initial recondi- 
tioning process and the infrequent re- 
activation of material in automatic filters. 


Discussion 


J. H. Battle (Memphis Power and Light 
Company, Memphis, Tenn.): Mr. Hous- 
ley’s paper pertaining to the maintenance 
of insulating oil is very timely. There js 
a definite need today for some means of 
reducing the acidity of insulating oil. 
Speaking from the power companys’ point 
of view, loads are increasing to the full- 
load point and even above on equipment 
that has been in service eight or ten years 
or longer, The oil in this equipment tends 
to sludge easily and is difficult to maintain 
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at a reasonable dielectric strength. The 
sludging causes decreased heat dissipation 
efficiency. The difficulty in maintaining 
reasonable dielectric strength causes addi- 
tional maintenance expense. 

As the author points out various means — 
have been devised to slow up the deteriora- 
tion process. These means may take the 
form of: reducing the area of oil exposed to 
the air; keeping moisture, a source of oxy- 
gen, out of the oil; or keeping an inert 
atmosphere above the oil by eliminating 
the oxygen in the air. 

Reducing the area of the oil exposed to the 
air is accomplished by use of a conservator 
or expansion tank. Since the oil in the | 
conservator tank gets as hot as the trans- 
former and since on the older transformers 
this conservator tank is open to the air, 
the oil in the conservator tank becomes de- 
teriorated. The alternate heating and 
cooling of the transformer breathes this 
deteriorated oil into the transformer tank, 
About a year and a half ago we installed 
magnetic oil gauges in the conservator 
tanks of about 19 large power transformers. 
In all of these conservator tanks we found 
very bad sludge conditions. Any method to 
protect the oil in the conservator tank will 
further protect the oil in the transformer 
tank. The dehumidifier breather the au- 
thor describes in his paper will prevent mois- 
ture from entering the conservator tank. 
Thus it will slow up the deterioration proc- 
ess. A more desirable breather would be 
one that would eliminate the oxygen also. 

To us the problem of maintaining in good 
condition the oil in large conservator- 
equipped power transformers is not so 
acute as another problem. That problem 
is the maintenance of oil in underground 
distribution transformers. On the Mem- 
phis Power and Light Company system the 
single-phase units range in size from 50 to 
150 kva. The three-phase units are 300 
kva. Thus each unit contains only a small 
amount of oil relative to a power trans- 
former but the total of our whole under- 
ground system amounts to about 25,000 
gallons. 

We have found that the dielectric strength 
of about half this oil becomes unsatisfactory 
inayear’stime. So each spring rather than 
make dielectric tests on each bank of trans- 
formers, we change the oil in the whole 
underground system. The change is done 
by means of an electric tank truck. The 
old oil is pumped out of the transformer, 
the core and coils flushed off, and recondi- 
tioned oil pumped back in. From 1,200 to 
1,500 gallons is changed per day. 

The old oil is reconditioned by means of 
a combination centrifuge and blotter press. 
We have frequently had trouble bringing 
this oil up to a satisfactory dielectric 
strength. Sometimes we have found it 
necessary to run one batch through the 
machine several times, Acidity tests show 
that this oil is high in acid. With the end 
in view of reducing the acidity of this oil, 
we have experimented with activated alu- 
mina. Our outfit consists of two 300- 
gallon oil tanks equipped with immersion 
heaters and an alumina tank made from 
an old water tank 13 inches in diameter and 
58 inches high. The tanks are piped so 
that oil may be transferred from tank to 
tank through the alumina or circulated 
through the alumina from one tank. The 
temperature of the oil is maintained at 
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about 130 degrees Fahrenheit and is pumped 
through the alumina at a rate of about 60 
gallons an hour. The alumina tank con- 
tains about 225 pounds of the chemical. 
We have found that the alumina does reduce 
the acidity but it is slow. Our experience 
is that it takes eight to ten hours to reduce 
the acidity by 14/jo milligram KOH per 
gram of oil when the acidity is high and 
longer when the acidity is low. Of course, 
we could speed up the process by using more 


alumina but this would increase the cost. 


Where it is desired to absorb the acid as 
it is formed in the oil, alumina answers the 
purpose very well. The alumina may be 
placed in bags inside the transformer, oil 
switch, or storage tanks. The author’s 
method of using an external tank connected 
to valves at the bottom and top is preferable 
in the case of transformers in that it does not 
interfere with the eirculation of oil within 
the transformer. 
| In the reactivation process it is very de- 
sirable that the alumina be handled as little 
as possible in order to cut down waste and 
save labor. The best method would be to 
reactivate the alumina in the same tank the 
oil is reconditioned in. We would like to 
ask the author what his experience on this 
has been. 

_ In conclusion may we repeat that there 
is a definite need for some method of re- 
ducing the acidity of deteriorated insulating 
oil and Mr. Housley’s methods seem to be 
an answer. 


Frank E. Johnson, Jr. (New Orleans Pub- 
lic Service, Inc., New Orleans, La.): This 
paper presents a solution to a problem which 
has always concerned everyone operating 
oil-filled transformers. Although the paper 
treats the subject almost exclusively on the 
basis of old transformers, it is evident that 
suitable design features could be incor- 
porated in new transformers to allow the 
use of this method for the removal of acids 
and moisture as soon as formed. No doubt 
transformer manufacturers are cognizant 
of this, and will provide these facilities as 
soon as the demand arises. 

With reference to the installation of an 
external tank on a 2,500-kva transformer, 
mention is made that the neutralization 
number increased about 0.20 in one year 
prior to treatment, and that 50 pounds of 
activated alumina were used for the 700 
gallons of oil. Was this rate of increase 
typical for various sizes and types of trans- 
formers investigated? Fifty pounds of 
activated alumina is about one per cent of 
the weight of the oil treated. It therefore 
appears, for the case cited, that one per cent 
by weight per year would be required for a 
0.20 increase in neutralization number. 
Referring to figure 3, the “‘initial acidity” 
figure was evidently about 0.55 prior to 
treatment, and 0.35 after treatment. Are 
these values independent of time, that is, 
could 100 pounds of activated alumina be 
used with a two-year interval between 
renewals? 

If the weight required is proportional to 
the time, then another chart can be pre- 
pared from figure 3 which will be somewhat 
easier to interpret for a user desiring to 
stabilize, or hold his acidity at a given value. 
The same ordinates can be applied on the 
chart, but the abscissas can be given as 
“rate of increase of acidity per year.” 
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The independent curves then become 
“initial acidity’ curves instead of ‘‘final 
acidity,” and it is possible, knowing the 
rate of increase of acidity, to pick out the 
necessary quantity of activated alumina to 
eliminate the acidity increase. 

Figure 1 in this discussion illustrates this 
point. 


T. H. Mawson (The Commonwealth and 
Southern Corporation, Birmingham, Ala.): 
Oil reclamation at the present time is se- 
cured by several methods. This paper, by 
Mr. Housley, gives another method that 
has additional possibilities. Various schemes 
providing chemical neutralization with sub- 
sequent cleaning of the treated oil to re- 
move the products of this reaction, to- 
gether with sludge that can exist, will give 
oil that is satisfactory for reuse. 

This particular paper deals with oil that 
has been used in transformers and bushings. 
It does not discuss the treatment of oil 
used in circuit breakers which is subject to 
considerably different service. Would 
there be any difference in the treatment of 
circuit-breaker oil? 

In discussing one particular group of 
transformers which were operating con- 
tinuously at a slight overload, and which 
were equipped with thermosiphon treaters, 
mention is made of an increase of 0.2 per 
year in neutralization number. If sludge 
begins to form when the neutralization 
number reaches 0.4, the full treatment with 
blotter press and other equipment should be 
used to reclaim this oil at intervals which 
depend upon an upper limit of acidity, or 
sludging, which has been previously de- 
termined. 

This brings up the point of cost. Costs 
of reclamation from various sources vary 
from 3 to 12 cents per gallon for complete 
reclamation by other methods. For com- 
parison the fixed charges on reclamation 
equipment plus the direct cost of labor and 
materials, plus the cost of oil, will determine 
the value of reclamation and the cheapest 
method. 

The point should also be raised as to the 
value of reclaiming oil that has shown rapid 
deterioration when new. Cases on record 
show that certain oils which have met all of 
the usual specifications for new oil have not 
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Figure 1 


kept these properties for as long a time as 
other types of oil. After reclamation the 
same weaknesses appeared. Can any 
method be used that will make this oil satis- 
factory? 

There are so many points involved on any 
system that the value of reclamation be- 
comes a problem that is indigenous to that 
particular system. It must be solved on the 
basis of over-all costs covering a period of 
years. This paper gives a possibility of 
cost reduction, and, with an addition to the 
present experience of six years of such treat- 
ment, it is possible that these costs can be 
worked out to the satisfaction of all of the 
interested parties. 


C. F. Hill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The paper by Mr. Housley is quite 
important to many power companies due to 
the fact the extensive study of apparatus in 
service has made them conscious of the oil 
rejuvenation problem. 

The author has called attention to one or 
two rather important advantages of the 
aluminum oxide, particularly its durability, 
lack of dusting, and finally, the ease of re- 
activation. 

The statement is made that this new 
material is competitive with fuller’s earth. 
It would be of considerable interest to have 
a detailed comparison of these two materials 
as to rate of reaction with the oil and other 
factors which control cost. 

One statement in this paper does not 
agree with the usual notion of oil behavior. 
Normally, it is assumed that removal of the 
antioxidants by such filtering processes 
permits more rapid oxidation with further 
exposure of the oil. Housley states that the 
rate of oxidation does not speed up—or 
rather that the acid formation rate does not 
increase after removal of these acids by 
activated alumina. The question natu- 
rally arises as to the conditions of operation 
before and after the treatment. 

It would also be of interest to know the 
cost of this reclaiming process per gallon of 
oil. There has been a considerable doubt 
if the cost would be reasonable, considering 
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that the treated oil is not nearly a new oil. 

One phase of this development which 
would appear to be quite attractive is the 
inclusion of the alumina on the transformer 
continuously, To keep the oil purified 
and dry at all times should be very desirable 
and appears practical. 


F. M. Clark (General Electric Company, 
Pittsfield, Mass.): The many problems 
involved in the satisfactory reconditioning 
of used transformer oil bear close resem- 
blance to the problems presented in the 
original refining of the material. Just as 
the original crude oil can be subjected to 
too much or too little refining treatment, so 
can the used oil be subjected to too little 
or too much reconditioning by means of 
the adsorbent used. The problem in the 
original refining of the oil is to remove those 
materials susceptible to easy oxidation and 
sludge formation while leaving untouched 
those original constituents of the oil which 
act as stabilizers and inhibitors of oxidation. 
The same problem confronts the application 
of adsorbents in the reconditioning of used 
transformer oils. In this case, the unde- 
sirable products are those formed as the 
result of previous oxidation and accompany- 
ing chemical change in the oil. 

Mr. Housley presents two methods of 
maintaining transformer oil in suitably good 
condition during use. The first involves the 
treatment of the oxidized oil with activated 
alumina as, for example, by circulation 
through a bed of the material. Essentially 
this method is similar to the fuller’s earth 
treatment of oil as a refining step in the 
original preparation of the material. The 
second method presented by Mr. Housley 
involves, during the use of the oil, its con- 
tinuous gravity circulation through a bed 
of the activated alumina in accordance with 
the method of Cox who used fuller’s earth 
in a similar manner. 

In both methods of treatment, the ob- 
jective of Housley appears to be the main- 
tenance of the oil in a condition approaching 
the original oil color and acidity. It is 
generally recognized, however, that oil 
color and oil acidity are properties which in 
themselves are not safe gauges of sludge 
formation in transformer oil. Many oils 
can be obtained with equally low color 
and of neutral reaction but with widely 
varying rate of sludge formation in service. 
In fact, data accumulated indicate that the 
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most severely adsorbent treated oil, that 
which first comes through the adsorbent 
bed, possesses the lowest color and is of 
neutral reaction, yet is characterized by a 
higher rate of sludge formation than later 
runnings from the same adsorbent bed, 
although these latter runnings may possess 
a much higher color and reaction value. 
Suitably low oil color and freedom from 
organic acidity are requisites for a properly 
treated transformer oil but appear to have 
no greater significance as a gauge of the 
sludge-forming properties in reconditioned 
oil than in the manufacture of the original 
oil at the refinery. 

In his introduction, Mr. Housley states 
that it is possible to gauge the rate of oil 
deterioration by a study of the increase in 
oil acidity. With respect to sludge forma- 
tion in transformer oil, this statement is 
only true in a general sense. Dependent 
on the type of oil and on the degree of re- 
fining as well as on the condition of oxidation 
in transformer use, sludge may form at low 
or high acid concentration. There appears 
to be no fixed relation between change in oil 
acidity and sludge formation in transformer 
oil which would allow the acidity value to 
be used as a gauge of the sludging character 
of the oil. Sludge formation is not a direct 
result of oil oxidation but appears as the 
product of a secondary reaction involving 
the polymerization of products formed in 
the primary oil oxidation. Among such 
products are the chemically unsaturated 
molecules formed as a result of oil oxidation 
but not capable of evaluation in a test for 
oil acidity. 

Mr. Housley’s paper presents no data 
concerning sludging properties. Sludge for- 
mation data are highly desirable and neces- 
sary in evaluating the serviceability of re- 
conditioned transformer oils. The relation 
between the severity of the reconditioning 
treatment of the oil and the oil sludging 
tendency should be established. Data 
available appear to indicate that a used 
transformer oil, reconditioned by a properly 
selected and applied treatment with an 
adsorbent, although possessing many of the 
properties of a new oil such as low color and 
neutral reaction, does not possess the high 
degree of resistance to sludge formation 
normally associated with new transformer 
oil. It would be interesting and valuable 
were Mr. Housley to present data of this 
type on oils reconditioned by the use of 
activated alumina. 
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J. E. Housley: The interest shown by those 
giving discussions is greatly appreciated 
by the author. This problem of recondi- 
tioning insulating oils is certainly an im- 
portant item on the maintenance program of 
any power system. 

We have had no trouble from sludge in 
our circuit-breaker oils and in answer to 
Mr. Mawson’s question, we have had no 
experience in treating these oils. 

In the particular group of transformers to 
which Mr. Mawson refers, the use of a 
blotter press is avoided by removing the 
acid as it is formed and thus the oil is main- 
tained below the sludging point. This is 
accomplished by the use of thermosiphon 
treaters. 

As to the question of cost which has been 
raised in several of the discussions, it can 
be said that comparative costs of activated 
alumina treatment will- differ according to 
local conditions. The cost of treatment per 
gallon of oil may be expected to range from 
2.5 cents to 5.0 cents. 

Mr. Johnson, in his discussion, presents 
an interesting relationship between the 
weight of activated alumina used and the 
time of treatment. There is a proportion- 
ality existing between the two and the 
curves, which he presents in his discussion, 
very clearly show this relationship. On one 
2,500-kva transformer, 50 pounds of acti- 
vated alumina has maintained 700 gallons 
of oil in good condition for 11/2 years. At 
this moment, we do not know how much 
longer this will maintain the oil. This 
particular transformer operates at a slight 
overload continuously. 

In response to Mr. Battle’s problem, it is 
suggested that the process of reducing the 
acid may be speeded up by more frequent 
reactivations, thus keeping the efficiency 
of the activated alumina at a maximum. 
The reactivating unit, shown in figure 5, 
is used both for treating and reactivating. 
However, I believe separate reactivation is 
more desirable, particularly when activated 
alumina is used to remove acid as formed 
(thermosiphon treaters) and where the 
reactivator is required for use on different 
batches of material. 

We cannot answer Mr. Clark’s statement 
regarding acidity and sludge formation 
specifically, but we have found acidity to be 
a good criterion of oxidation and sludging 
in our oils. Our experience has been that 
oils of fairly low neutralization numbers give 
no trouble from sludging. 
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Crossbar Dial Telephone Switching System 


By F. J. SCUDDER 
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T IS the purpose of this paper to de- 

scribe briefly the crossbar dial-tele- 
phone central-office switching system 
which has recently been developed by the 
‘Bell System for use in large cities. Six- 
teen years ago, in February 1923, a paper 
was read before the Institute, by E. B. 
Craft, L. F. Morehouse, and H. P. 
Charlesworth of the Bell System, which 
outlined the history and the problems 
involved in telephone  central-office 
switching and described the panel dial 
central-office system which had just been 
developed and was being introduced in the 
large cities. The first central office of 
this type was placed in service in Decem- 
ber 1921, and since that time 456 panel 
dial offices serving nearly 41/2 million 
subscriber stations have been installed in 
26 different cities throughout the country. 
During these years many improvements 
have been made in the panel system to 
make it more serviceable to the telephone 
public and to meet the new problems 
which have arisen, but in addition, the 
engineers of the Bell System have con- 
tinued their search to find new and better 
means for meeting telephone switching 
demands. This work has resulted in the 
adoption of the crossbar-type central- 
office switching equipment. Two offices 
of this type were placed in successful 
operation during 1938 and others are in 
process of manufacture and installation. 

It will be appreciated that for large 
metropolitan areas, the development and 
economic introduction of a central-office 
switching system which differs materially 
from the existing systems is a rather large 
undertaking. The system must fit into 
the existing plant as a whole without ma- 
terial change. Generally any important 
changes affecting the subscribers’ use 
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of the telephone or the methods used by 
switchboard operators should be avoided. 
Existing numbering plans should not be 
affected, existing classes of service should 
be continued, and the addition of others 
made feasible in case they should be re- 
quired. 

All of these and many other factors 
have been taken into account and all re- 
quirements have been met by the cross- 
bar system which offers important im- 
provements in telephone switching, both 
in operation and maintenance. Its in- 
troduction does not make any of the exist- 
ing equipments obsolete in the sense 
that these equipments will be less serv- 
iceable nor will it cause their replace- 
ment. Central offices of the crossbar 
type can be installed in the same building 
with existing panel central offices with- 
out loss in operating economies in either 
type of office. Certain equipment, such 
as the existing and additional outgoing 
trunks to other central offices, manually 
operated switchboard positions, operating 
room and maintenance desks, power plant 
and alarms, can be used in common by 
the two types of offices in the same build- 
ing. 


General 


Before describing the crossbar system 
it is desirable first to give a brief outline 
of the principal functions of a dial central- 
office equipment. Such an_ office is 
capable of serving 10,000 subscriber line 
numbers, and is provided with a sufficient 
number of connecting switches, trunks, 
and associated circuits so that under usual 
peak loads of traffic, calls will be com- 
pleted promptly. 

The central-office circuits, in response 
to the lifting of the receiver by the calling 
subscriber, connect the subscriber line 
to the switching equipment. This equip- 
ment then extends the calling line, “link 
by link,” through several switching 
stages to the called line as determined by 
the called office code and line number 
dialed by the calling subscriber. When 
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the connection has been established to the 
called line, the subscriber bell is rung and 
when the subscriber answers, the talking 
connection is completed. During the 
conversational period the connection is 
held under control of the calling tele- 
phone, and when the telephone receivers 
are replaced, the central-office equipment 
and the telephones are released for use on 
other calls. The equipment, of course, 
transmits the busy-tone signal to the 
calling subscriber if the called line is 
found busy, and automatically routes a 
call for a discontinued or an unassigned 
line to an operator who informs the sub- 
scriber of the status of such a line. 

Operators and associated switchboards 
are provided in the dial system to handle 
certain classes of calls and to render as- 
sistance to subscribers when required. 
Calls to these operators are established 
in response to the dialing of operators’ 
codes in a manner similar to the establish- 
ment of calls to other subscribers. 

Operators are usually provided to com- 
plete calls terminating in a dial office 
which are originated by subscribers served 
by manual offices. 

Prior to the introduction of the cross- 
bar system, the Bell System employed 
two general types of dial central offices. 
These are the well-known step-by-step 
and panel systems. 

The step-by-step system has been used 
generally in the smaller cities which are 
frequently served by a single central 
office or by a relatively small number of 
offices and where the trunking problems 
are consequently less complicated. The 
switches of the step-by-step system are 
controlled directly by the impulses from 
the subscriber dials and, necessarily in 
conformity with the dial, the system oper- 
ates on a decimal basis. The selectors 
of this system are first moved under con- 
trol of the dial to any one of ten vertical 
positions, corresponding to the numeral 
of the digit dialed, and in the case of 
trunk hunting switches, is then auto- 
matically rotated over a row of ten trunk 
terminals to find an idle trunk during the 
interdigital time of the dial. 

The step-by-step switch thus has ac- 
cess to ten different groups of trunk 
terminals with ten terminals each. The 
location of the trunk groups on the 
switches is governed by the digits dialed 
and consequently the relocation of a 
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group necessitates directory changes. 
These limitations in trunk access and 
flexibility are not material handicaps in 
the smaller cities throughout the country 
where the system is giving excellent 
service. 

The panel system meets the complex 
service requirements of the larger cities 
with their large volume of traffic and 
multiplicity of central offices. In these 
cities the number of trunk groups is large 
and the number of trunks in the groups 
varies widely. Further, the number of 
groups and their sizes are frequently 
changed by the introduction of new offices 
and changes in the character or extent of 
existing central-office areas. 

In the panel system, senders are pro- 
vided which record and store the dial 
pulses as they are dialed and then inde- 
pendently control the operation of the 
switching units. The large panel-type 
switches provide access to large groups 
of trunks and to a large number of groups, 
and at the same time permit consider- 
able variation in the sizes of the groups. 
The necessary flexibility in the size and 
location of the trunk groups is obtained 
by flexibly wired routing equipment pro- 
vided in decoder circuits which are as- 
sociated with the senders. These facili- 
ties permit trunk group locations on the 
switches as dictated by traffic regardless 
of the office codes listed in the directories 
and dialed by the subscribers. The 
panel system also readily provides for 
the routing of calls through intermediate 
or tandem offices where the traffic be- 
tween offices can be more economically 
handled in this manner. 

The crossbar system also makes use of 
the sender and decoder method of opera- 
tion and provides a still greater flexi- 
bility in the trunking arrangements than 
is obtained by the panel system. 


The Crossbar System 


The two outstanding features of the 
crossbar system are the “crossbar switch”’ 
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Crossbar switch—front view 


Figure 1. 


which is used for all major switching 
operations, and the “marker” system of 
control which is used in the establishment 
of all connections throughout the cross- 
bar office. 

The crossbar system is essentially a 
relay system employing simple forms of 
relays and relay-type structures for all 
switching operations. The apparatus 
consists almost wholly of crossbar 
switches, multicontact relays, and the 
usual small relays similar to those gener- 
ally employed in all telephone systems. 
The switching circuits are wired to the 
contacting springs of the switches, and 
the connections through the switches are 
made by pressing contacts together by 
means of simple electromagnetic struc- 
tures instead of the moving brushes and 
associated fixed bank terminals of other 
systems. 

The use of relay-type apparatus with 
its small, pressure-type contact surfaces 
economically permits the use of twin or 
double contacts with thin layers of pre- 
cious metal for all contact points. Ob- 
viously, double precious metal contacts 
make for reliable operation, especially 
with the low speech and signaling cur- 
rents inherent to a telephone system. 

The short mechanical niovements and 
the inherently small operating time inter- 
vals of the ‘“‘relay-like’’ crossbar switch 
permits the use of common circuits or 
“markers” to control the operation of the 
switches. This has permitted the use of 
large assemblies of switches and associ- 
ated relays on unit frames which can be 
wired and completely tested for opera- 
tion in the factory before the units are 
shipped. 

In the design of the switching frames 
and associated control circuits, one of the 
objectives realized has been the standardi- 
zation of a relatively small number of 
different types of equipment units, 
thereby simplifying manufacture and 
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merchandising. This also simplifies the 
engineering of the equipment by the 
telephone companies in the preparation 
of their specifications to meet the par- 
ticular traffic requirements of the various 
central offices. 

The marker system used for controlling 
the switching operations has many ad- 
vantages, the more important of which 
will be disclosed later in the general de- 
scription of the operation of the equip- 
ment. It might be mentioned here, how- 
ever, that the marker is an equipment 
unit consisting almost entirely of relays, | 
which completes its functional operations 
in the establishment of a call in a fraction 
of a second. This short operating time 
permits a few markers to handle the en- 
tire traffic in the largest office. The 
markers are connected momentarily by 
means of multicontact relays to the 
various switching units of the office to 
control the establishment of the calls 
through the crossbar switches. 

An outstanding advantage of the 
marker system of control is the “second- 
trial” feature, by means of which two or 
more attempts can be made to establish 
a call over alternate switches and trunks 
when the normally used paths are all 
busy. The markers are arranged to de- 
tect short-circuited, crossed, grounded, 
and open-circuit conditions at all vital 
points, and before releasing from a con- 
nection they make circuit checks to in- 
sure that the connection has been prop- 
erly established. When trouble condi- 
tions are detected, they make a second 
attempt to complete the connection, 
after sounding an alarm and recording 
the location and nature of the trouble en- 
countered. The marker system facili- 
tates the introduction of new service fea- 
tures and changes in operation, which 
may be found desirable from time to time, 
due to the fact that the principal con- 
trolling features of the entire system are 
vested in a small number of markers. 


Apparatus 


CROSSBAR SWITCH 


The crossbar switch from which the 
system derives its name is the basic 
switching unit of the system. Figure 1] 
shows the front view of a 200-point cross: 
bar switch. 

Fundamentally this switch consists of 
three major functional parts: (a) 2 
separate vertical circuit paths, (b) If 
separate horizontal circuit paths, and (¢ 
a mechanical means for connecting any 
one of the 20 vertical circuit paths to any 
one of the 10 horizontal circuit paths by 
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_a structural viewpoint the switch is com- 
prised of a rectangular welded frame on 
which are mounted 20 vertical units and 
the selecting mechanism consisting of 5 
horizontal bars operated by 10 selecting 
magnets. 

_ Primarily the switch is a multiple relay 
structure with 20 vertical relay-like 
units, each unit having an operating or 
“holding’’ magnet and ten sets of con- 
tacts in a vertical row. The switch ar- 
rangement provides a rectangular field 
of contacts in 20 vertical rows and 10 
horizontal rows or a total of 200 sets of 
contacts, one set at each “crosspoint.” 
_ These crosspoint contacts are operated 
independently of each other by a co- 
ordinate operation of the horizontal and 
vertical bars. The horizontal bars are 
controlled by the 10 horizontal or ‘‘select- 
ing’ magnets and the vertical bars by 
20 vertical or ‘“‘holding’’ magnets. Any 
set of contacts in any vertical row may 
be operated by first operating the select- 
ing magnet corresponding to the hori- 
zontal row in which the set of contacts is 
located, and then by operating the hold- 
ing magnet associated with the vertical 
row. Since the contacts are held oper- 
ated by the holding magnet alone, the 
selecting magnet is operated but momen- 
tarily and is released as soon as the holding 
magnet is operated. After the selecting 
magnet is released, other connections 
may be established through the switch 
by the operation of other selecting and 
holding magnets. It is thus apparent 
that ten connections can be established 
through the switch, one for each of the 
horizontal paths. 

From figure 2 the rather simple me- 
chanical interlocking of the horizontal and 
vertical bars which causes the operation 
of a set of crosspoint contacts will be 
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understood. The ten sets of contacts in 
a vertical row are associated with the 
vertical or “‘holding’’ bar of the row. 
Each horizontal or ‘selecting’ bar is 
provided with 20 selecting fingers which 
are made of flexible wire. These fingers 
are mounted at right angles to the bar, 
one at each of the vertical rows of con- 
tacts. Thus when a selecting bar is ro- 
tated through a small are by its magnet, 
the selecting fingers will move up or down 
into a position so that when a holding 
bar is operated by its magnet, it will en- 
gage the selecting finger at the crosspoint 
of the two bars and cause the correspond- 
ing set of contacts to operate. The 
selecting bar and the fingers not used will 
then be released when the selecting mag- 
net is released, but the selecting finger 
used to operate the selected set of cross- 
point contacts will remain latched and 
the contacts held closed by the holding 
bar until the holding magnet is released 
at the end of the connection. The select- 
ing fingers are each provided with a 
damping spring to reduce vibration on 
the operation and release of the fingers. 

It will be noted that the selection opera- 
tion is performed by five horizontal bars 
although there are ten horizontal rows of 
contacts. This is accomplished by oper- 
ating the bars in either of two directions. 
As shown in figure 1, two magnets are 
associated with each bar, one whose arma- 
ture is on top of the bar, the operation of 
which causes the selecting fingers to 
move in a downward direction, and the 
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other whose armature is below the bar 
causing the fingers to move upward. The 
selecting bars are restored to the normal 
or mid-position by the centering springs 
located on the end of the switch adjacent 
to the magnets. 
Figure 3 shows the vertical unit of the 
crossbar switch with its ten sets of nor- 
mally open “‘make’’ type contact springs, 
the holding magnet at the bottom, and 
the long vertical armature to which is 
attached the vertical holding bar. The 
vertical unit shown has six pairs of con- 
tacts at each of its ten crosspoints. 
Other vertical units are provided with 
ten sets of three, four, and five pairs of 
contacts per set. One spring of each 
pair as shown is a fixed spring consisting 
of a projection of an insulated vertical 
metal strip, made in the shape of a comb. 
This strip extends from the top to the 
bottom set of contacts of a vertical row. 
Wiring lugs are provided at the lower end 
of these vertical strips facing the rear to 
which are wired the lines or trunks of the 
vertical circuit paths. At the lower end 
of these strips and facing the front is 
another projection used by the mainte- 
nance force for testing purposes. The 
mate or movable spring of each pair is 
individually insulated from all other 
springs. These springs extend to the 
rear of the switch for wiring purposes 
and may be strapped horizontally to the 


Crossbar switch vertical unit 


Figure 3. 
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Figure 4. Crossbar switch—rear view 


corresponding springs of adjoining ver- 
tical units to extend the horizontal cir- 
cuit path through the switch. 

The contacting ends of the thin moy- 
able contacting springs are bifurcated to 
provide two flexible contacts in parallel. 
The contacting surfaces on these springs 
as well as the mating fixed springs are 
provided with a thin layer of palladium. 
The use of the double precious metal 
contacts is an important feature of the 
crossbar system in providing more reli- 
able contacting surfaces. Experience has 
shown that the chance of simultaneous 
failures of both contacts of a pair is ex- 
tremely small. The actual contacting 
surfaces of each pair of springs consist of 
small bars of contact metal located at 
right angles to each other. These bars 
are composed of a ribbon of nickel capped 
with a thin layer of palladium. This 
crossbar arrangement of contacts provides 
a rather large area over which the two 
springs can make contact with each other, 
and thereby permits considerable toler- 
ance in the manufacture and adjustment 
of the contact spring assemblies. 

The switch may be equipped with ‘‘off 
normal” contact spring assemblies. When 
these are furnished they are associated 
with each selecting or holding magnet 
and are operated like relay contacts when 
the associated magnet operates, regard- 
less of which crosspoint contact is closed. 
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They are used to perform circuit functions 
as required in the various uses of the 
switch. 

In the design of the switch special at- 
tention was given to the problem of 
wiring and cabling. Figure 4 shows the 
wiring terminals on the rear of the 
switch. These terminals are arranged 
for individual wiring and also have 
staggered, notched projections so that the 
terminals can be readily strapped together 
horizontally with bare wire as shown. 
This is an important feature of the 
switch since it permits a multiple of 
terminals to be easily soldered together 
and reduces the wire congestion on the 
switch. 

The 200-point crossbar switch is 91/4 
inches in height and 301/2 inches in 
length. In addition a 100-point switch 
20!/, inches in length is provided. This 
switch is similar to the 200-point switch 
but is equipped with ten vertical units. 


MULTICONTACT RELAY 


The multicontact relay used in the 
crossbar system is shown in figure 5. It 
resembles in design the vertical unit of 
a crossbar switch. The relay is provided 
in four sizes in respect to the number of 
contacts, namely, in 30, 40, 50, and 60 
sets of individually insulated contacts, 
all of which are of the normally open type 
which are closed when the magnets of the 
relay are operated. Each relay is pro- 
vided with two separate magnets, arma- 
tures, and associated groups of springs, 
and both magnets are energized in paral- 
lel in order to close all of the contacts. 
By operating the two magnets independ- 
ently the structures can be used as two 
separate relays, each equipped with 15, 
20, 25, or 30 sets of contacts. The relay 
occupies a mounting space approximately 
2 inches by 11 inches and is provided 
with a cover. 

All contact springs are equipped with 
twin contacting surfaces similar to the 
contacts used on the crossbar switch 
except that they are composed of solid 
bars of precious metal due to the heavy- 
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duty requirements. To facilitate wiring, } 


\ 


these relays are manufactured with two — 


types of wiring terminals. In one type 
the movable springs are of graduated 


lengths and are provided with notched — 


lugs for bare wire strapping to permit the 
multipling of springs horizontally to 
corresponding springs on other relays 
mounted adjacent. In the second type 


the strapping lugs are omitted and all 


springs are of the same length and are 


provided with soldering eyelets for in- 


dividual or nonmultiple wiring. ; 
The multicontact relay finds its chief 
use in the common connector circuits 


where a large number of leads must be. 


connected simultaneously to a common 
circuit. 


U- anp Y-TypPE RELAYS 


New and improved general-purpose 
small relays which have been coded the 
U and Y type are used in this system. 
Figure 6 shows a typical U-type relay. 
Although somewhat similar to the E- and 
R-type relays which have been in common 
use in the telephone systems for many 
years, it differs from them principally 
in that it has a heavier and more efficient 
magnetic structure which permits the use 
of a greater number of contact springs. 
These relays permit the use of spring 
assemblies up to a maximum of 24 springs 
in various combinations of springs, in- 
cluding transfer contacts and simple make 
and break contacts. The relays are con- 
structed of relatively simple parts, most of 
which are blanked and formed in the de- 
sired shapes in the same manner as the 


Figure 5. Maulticontact relay 


earlier E-and R-type relays. The cores 
are made from round stock and are welded 
to the mounting bracket of the relay. The 
structures of all of these relays are similar 
and differ principally in their spring as- 
semblies and windings. 

In order to insure more reliable con- 
tact closures, the relays are equipped 
with twin contacts. Various types of 
contact metal and sizes of contacts are 
provided, depending upon the characteris- 


tics of the circuit controlled by the con- 
tacts. 
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Improved methods of clamping ‘the 
rings in their assemblies, together with 
le design of the springs, provide sta- 

lity and minimize manufacturing and 
laintenance adjusting effort. 

Contacts practically free from chatter 

n both the operation and release of the 


' 


Figure 6. U-type relay 


relay have been obtained by the use of 
relatively heavy stationary springs, short 
thin movable springs, and a pivoted ar- 
rangement of the armature suspension. 
By reference to figure 6 it will be seen that 
the rear ends of the armature are pivoted 
by two pins which project through holes 
in the hinge bracket mounted on the 
rear spring assembly. In the earlier 
flat-type relays of the E and R type, the 
armature was suspended at the rear by 
means of a reed-type armature hinge. 
The Y-type relays make use of the 


same manufacturing tools and processes 
as the U type. Copper or aluminum 
sleeves are provided over the cores be- 
neath the windings to secure the slow 
release characteristics required on these 
relays. The relay armature is embossed 
so that when the relay is operated, satis- 
factory contact is made between the metal 
surfaces of the magnetic circuit which in- 
sures uniform time characteristics. 

In both the U- and Y-type relays the 
cylindrical cores permit the use of form- 
wound coils which are wound on special 
machines and slipped over the cores when 
completed. In the manufacture of these 
coils a removable mandrel is used. 
It is covered with a layer of sheet 
cellulose acetate and accommodates 
several coils. These coils are then 
automatically wound on the mandrel 
from different spools of insulated wire. 
Separations are left between adjacent 
coils so that when the winding operation 
has been completed the individual coils 
can be separated. A very thin sheet of 
cellulose acetate is automatically inter- 
leaved between successive layers of wire 
to hold the wire in place and to provide 
insulation between layers. This general 
method of winding coils also is used for 
the magnets of the crossbar switches and 
multicontact relays. 


Functions of the Equipment Units 


The general operation of the system as 
a whole may be more easily understood 


by first describing the principal equipment 
units in the system and their functions 
before proceeding with a description of 
the operation of the circuits. A simplified 
block diagram of the principal equipment 
units of the system is shown in figure 7. 
It will be noted that in general there are 
three types of equipment units: 


1. The transmission battery supply and 


supervisory circuits consisting of the 
“district junctors’ and the “incoming 
trunks.” 


2. The crossbar-switch frames. 


3. The common “control” circuits, the 
“senders,’”’ and the ‘“‘markers.”’ 


The ‘district junctor” and the “in- 
coming trunk” circuits are composed 
principally of small relays. The district 
junctors furnish the talking battery for 
the calling subscribers and supervise the 
originating end of connections. The in- 
coming trunks control the ringing of the 
called subscriber bells, furnish talking 
battery for the called subscribers, and 
supervise the terminating end of connec- 
tions. 

The switch frames, which consist 
almost entirely of crossbar switches, 
provide the means for switching between 
the subscriber lines, the district junctors, 
and the incoming trunks. Switch frames 
also are used for switching the district 
junctors and the incoming trunks to the 
senders. 

The “senders” consist principally of 
small relays and their functions are similar 
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Figure 7. Functional arrangement of equip- 


ment units 
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to those of the operators at a manual 
switchboard. The ‘‘subscriber senders” 


register the called numbers from the sub- - 


scriber dials and transmit the necessary 
information to the ‘‘markers,’’ to the 
“terminating senders,” and to the manual 
operator positions in manual offices for 
completing connections to the called lines. 


FROM 20 LINES 


TO TEN 
TRUNKS 


S-—NMbSFUDAI®O 


Figure 8. Simple trunking arrangement with 
a single 200-point crossbar switch 


The subscriber senders also control the 
operation of the selectors in distant panel 
offices. The “terminating senders’ in 
the terminating end of the crossbar office 
receive the numerical digits of the called 
numbers from the subscriber senders of 
any dial office and transmit the required 
information to the “terminating mark- 
ers” for setting up the connections to the 
called lines. 

The “markers” are the most important 
control circuits in the system. They are 
composed of both small and multicontact 
relays. There are two types, one for 
originating traffic and one for terminat- 
ing traffic. The operating time of the 
markers is short, considerably less than 
one second, and consequently only three 
or four markers of each type are required 
in the average office. 

The “originating markers’ determine 
the proper trunk routes to the called 
office. They have access to all outgoing 
trunk circuits and all the crossbar-switch 
frames that are used for establishing the 
connections to the called office trunks. 
They test the trunk group to find an 
idle trunk to the called office, and also 
test and find an idle channel through the 
switch frames, and finally operate the 
proper selecting and holding magnets of 
the crossbar switches to establish the 
connections from the subscriber line to 
the trunk circuit. 

The “terminating markers’ perform 
similar functions in the terminating 
end of the office to set up the connection 
from the incoming trunk circuit to the 
called subscriber line. They have access 
to all of the subscriber lines terminating 
in the office, and to all crossbar-switch 
frames used for connecting to subscriber 
lines. They test the called line to deter- 
mine whether it is idle, and also test for 
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and find an idle channel through the 
switch frames and finally operate the 
proper magnets of the crossbar switches 
and establish the connection to the called 
subscriber line. 

In addition there are common ‘“‘control”’ 
circuits associated with the “‘line link”’ and 
the ‘“‘sender link”’ frames for controlling 
the operation of the switches on these 
frames. There are also the common 
“connector” circuits, consisting mainly 
of multicontact relays, which are used 
for connecting the markers to the senders, 
to the switch frames, and to the test 
terminals of the called subscriber lines. 

It should be noted that the line-link 
frames, although shown separately, are 
used for both originating and terminating 
traffic. 

After the talking connection has been 
established between two subscribers, all 
of the common control units, such as the 
senders, markers, connectors, line-link 
control circuit, and the sender-link frames 
and their associated control circuits, will 
have been released, and the talking con- 
nection will be maintained in this condi- 
tion by the holding magnets of the 
crossbar switches used on the line- 
link, district, office, and incoming-link 
switch frames. These switch magnets are 
held operated under control of the super- 
visory relays in the district junctor and 
the incoming trunk circuits and are 
released when the subscribers replace the 
receivers. 


Trunking Arrangements 


The fundamental method of using the 
crossbar switch for setting up connections 


LINE LINKS 


20 vertical units each wired to a subscriber 
line and ten trunks strapped horizontally 
across the switch. With such an arrange- 
ment, any one of the 20 lines may be 
connected to any one of the ten trunks. 
The number of lines which can be con- 
nected to the same ten trunks may be 
increased to 40 by adding a second 200- 
point crossbar switch with 20 different 
lines connected to its verticals and by 
wiring the horizontal contact multiple of 
this second switch to the horizontal 
multiple of the switch shown in figure 
8. By adding other switches in this 
manner, any number of lines may be 
given access to the ten horizontal trunks. 

To obtain greater trunking access, two 
groups of switches known as “primary” 
and ‘“‘secondary” are used. Figure 9 il- 
lustrates this primary- and secondary- 
switch arrangement as used in the line- 
link switch frames and in various forms 
throughout the crossbar office. The 
switches are arranged in two vertical 
files of ten primary switches and ten 
secondary switches. There are 20 sub- 
scriber lines connected to the verticals of 
each of the ten primary switches and 20 
trunk circuits are connected to the 20 
verticals on each secondary switch. The 
horizontal multiples on the primary 
switches are connected to the horizontal 
terminals of the secondary switches, each 
primary switch having one horizontal 
path connected to each of the ten second- 
ary switches. With this arrangement, 
the 20 lines of any primary switch have 
access to all 200 trunks connected to the 
secondary switches. Since all of the pri- 


is illustrated in figure 8. This figure Figure 9. Primary - secondary trunking 
shows a 200-point crossbar switch with arrangement 
=a SUBSCRIBER She JUNCTORS JUNCTORS To 
= INCOMING LINK { = eeeddas oa 
te t SSS ee ee FRAME 
DISTRIBUTING —— SS ee 
SS 
Sea 
NSS 
SRS 
joer —SSOL 
ERAME SERVES. SKK FRAME HAS 
DEPENDING ON: j————+- (00 Dist. TUNCTORS 
100 LINE JUNCTORS 
~——___}. 


PRIMARY 


Scudder, Reynolds—Crossbar Switching System 


SECONDARY 


ELECTRICAL ENGINEERING 


| 


46) PRIMARY 
d s SWITCH 9 
x 
Ee 
12 
13 
Te 
lo 
n 
z INCOMING 
> ——— 
Ee TO RIGHT HALF 
g OF SEC. SWITCHES 
= 
2 
o|n 
Q\x< SWITCH O 
5 
a 
i 
3 a 
8 
> eo 
oy ane | 
os ae Se 
INCOMING 
LINKS eke 
ee, 
TO RIGHT HALF 
OF SEC. SWITCHES 
Figure 10. Double primary - secondary 


trunking arrangement 


mary switches are wired in this manner, 
that is, with their ten horizontal paths 
distributed over the ten secondary 
switches, then all of the 200 lines on the 
primary switches have access to the 200 
trunks on the secondary switches. It is 
evident that another vertical file of ten 
primary switches may be added with 20 
subscriber lines connected to the verticals 
of each switch, and with the horizontal 
paths strapped and connected to the 
horizontal paths of the primary switches 
shown. This would give 400 lines access 
to the 200 trunks on the secondary 
switches. In actual practice on a line 
link frame, several files of primary 
switches may be connected together in 
this manner depending upon the traffic 
volume of the subscriber lines. The cir- 
cuit paths connecting the horizontal rows 
of terminals of the primary switches to 
the horizontal rows of terminals of the 
secondary switches are called “‘line 
links.”’ ; 

To establish a path from a line cir- 
cuit on a primary switch to a trunk 
circuit on a secondary switch, the 
common “control” circuit serving this 
line-link frame locates the subscriber 
line to be served and then simultaneously 
selects an idle ‘‘line link” on the primary 
switch on which the subscriber line ap- 
pears and a group of trunks wired to a 
secondary switch in which there are one 
or more idle trunks. Thus the selection 
of the line link is made contingent upon 
the availability of trunks, and by means of 
this together with the primary-secondary 
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distribution of the links a very efficient 
usage of the links and trunks is obtained. 

In the line-link frame shown in figure 9, 
it will be seen that the trunks on the 
verticals of the secondary switches are 
split into groups of 100 trunks each, one 
group being connected to the “district 
junctors”’ and used for originating traffic 
and the other group of 100 trunks being 
connected to ‘line junctors”’ and used for 
terminating traffic. 

It will be noticed that there is but 
crossbar-switch appearance of a 
subscriber line in the office. This is on 
a vertical unit of a primary crossbar 
switch where both the originating and 
terminating calls are completed by means 
of the same line-link circuits. Thus all 
originating traffic from any of the 20 
lines on any primary switch flows through 
the associated ten line links to the 100 
district junctors and all terminating 
traffic to these 20 lines flows through the 
same ten line links from the 100 line 


one 


junctors. 

This single “primary and secondary” 
trunking arrangement also is used at 
other points in the system, such as in the 
originating and terminating sender-link 
switch frames, where the circuits reached 
are nondirectional, that is, where any 
one of the selectable circuits wired to 
the frame can be used for setting up a 
connection. 

For the switch frames where the circuits 
reached are directional, that is, where a 
particular called line or a particular 
group of trunks must be used in order 
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to complete a connection, the problem 
of trunking becomes more complex and 
it is necessary to provide a trunking 
arrangement using two “primary and 
secondary” switch frames arranged in 
tandem. 

Figure 10 shows a typical arrangement 
of this kind which is necessary to secure 
the required trunking flexibility and 
efficiency. This figure shows an “‘incom- 
ing link’’ frame to which incoming trunks 
are connected and a ‘line link” frame to 
which subscriber lines are connected as 
described above. These two frames are 
used in tandem for establishing the 
terminating connections between the 
incoming trunks and the called sub- 
scriber lines. As is indicated, 100 in- 
coming trunks are connected to the 100 
horizontal paths of the ten incoming 
link frame primary switches, there being 
ten incoming trunks connected to each 
of the primary switches. A total of 150 
to 700 subscriber lines may appear on the 
verticals of the primary switches of the 
linelink frame; however, 200 
lines or 20 on the verticals of each of the 
ten primary switches are shown in the 


only 


figure. 

In order to connect a particular in- 
coming trunk to a particular called line, 
an idle channel is selected through these 
two switch frames, consisting of an 
‘Snecoming link’? on the incoming-link 
frame, a ‘line junctor’” between the two 
frames, and a ‘line link” on the line-link 
frame, and all are connected in series as 
shown in the figure. It will be noted that 
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the incoming trunks on each of the 
primary switches have access to 20 
incoming links appearing on the 20 
verticals of the switch. These 20 in- 
coming links are distributed over the 
ten secondary switches of the frame, 2 
links being connected to each switch, 
one to each half switch. It will be 
observed that in order to provide for 
the distribution of the 20 incoming links 
over the ten secondary switches, the hori- 
zontal paths of the secondary switches are 
separated between the tenth and eleventh 
verticals, thus taking advantage of the 
flexibility of the crossbar switch by pro- 
viding 20 horizontal paths instead of ten 
on each switch. The incoming links, on 
each half of these secondary switches, have 
access to ‘‘line junctors” appearing on the 
verticals of these switches. These line 
junctors are in turn distributed over the 
secondary switches of all the line-link 
frames in the office. There will be at least 
one line junctor as shown, from each sec- 
ondary switch on an incoming link frame 
to a secondary switch on every line-link 
frame in the office, or a minimum of ten 
line-junctor paths between any incom- 
ing-link frame and any line-link frame. 
The number of the line junctors between 
these frames will vary depending upon 
the number of frames required in an 
office. The line junctors on the verticals 
of each of the line-link frame secondary 
switches in turn have access to ten line 
links on the horizontal paths. These 
ten line links are, as described above, 
distributed over the primary switches 
of the line-link frame, one to each primary 
switch. These line links then have ac- 
cess to the called subscriber lines which 
appear on the verticals of the primary 
switches. With this arrangement of 
switches and the three groups of inter- 
connecting link paths, any incoming 


trunk can be connected to any called 
line on the line-link frame shown, or by 
means of other groups of line junctors, 
to a called line on any other line-link 
frame in the office. 

Terminating markers are employed for 
selecting the paths through these switches 
to connect an incoming trunk to a called 
subscriber line. The marker, as will be 
explained later, records information which 
permits it to connect to the test wire 
and holding magnet of a called line and 
to the test wires and switch magnets of 
the groups of incoming links, line junc- 
tors, and line links through which the 
incoming trunk may be connected to 
the called line. The marker  simul- 
taneously tests these three groups of 
paths and “marks” an incoming link, 
a line junctor, and a line link which are 
idle and are accessible to one another, 
and then operates the switch magnets 
to connect these three paths and the 
incoming trunk and the called line 
together. The paths are selected in an 
ordered arrangement, so that the lowest 
numbered incoming links, line junctors, 
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and line links are preferred and are used 
as long as they are available. This in- 
creases the efficiency of the paths as 
compared with a random selection, since 
it reduces the chance that one or two of 
them although idle cannot be used be- 
cause the third one is busy. 

A double primary and secondary trunk 
arrangement similar to the one shown 
in figure 10 is employed for connecting 
district junctors to outgoing trunks in 
the originating end of the office. 


BRIEF DESCRIPTION OF 
CIRCUIT OPERATION 


The operation of the system will be 
described by tracing the progress of a 
call through the system. The establish- 
ment of a call from one crossbar sub- 
scriber to another crossbar subscriber 
may be divided into four stages: two 
in the originating end of a connection 
and two in the terminating end. 

1. The calling subscriber is connected to a 


sender for the purpose of registering the 
called number which is dialed. 


2. The subscriber sender is connected to 
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Figure 12. District junctor and subscriber 
sender connected to the outgoing trunk 
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an originating marker and the marker 
‘selects the switch frames for establishing 
‘the connection to an outgoing trunk. 


3. The outgoing trunk circuit is connected 
to a sender in the terminating end to register 
the called number. 


4. The terminating sender is connected to 
a terminating marker and the marker selects 
the switch frames for establishing the con- 
nection to the called subscriber line. 


The first stage in the progress of a call 
is illustrated in figure 11. It will be seen 
that the line of a calling subscriber 
terminates on a vertical unit of a primary 
crossbar switch located on a line-link 
switch frame. When the subscriber 
receiver is lifted from the telephone pre- 
paratory to dialing, a line relay is oper- 
ated, as in other systems, and the cir- 
cuits proceed with the establishment of 
the connection to an idle subscriber 
sender which will register the called num- 
ber when it is dialed. 

The circuit functions on this stage of 
the call are as follows: 


1. The subscriber line is located by the 
“fine link control’ circuit which is common 
to the line link frame, by a co-ordinate 
method of testing. That is, the control cir- 
cuit determines the primary crossbar switch 
in which the line is located and the par- 
ticular vertical unit in the switch on which 
the line is terminated. This operation is 
similar to the line-finder operation in other 
dial systems, except that the operation is 
accomplished by relay operations instead of 
by a mechanically traveling brush. 


9. The line-link control circuit then simul- 
taneously selects an idle line link between 
the primary switch in which the line appears, 
and a secondary switch on which a group of 
district junctors appears which has at least 
one idle district junctor in the group and 
which has access to idle senders and an idle 
sender link. 


38. This will bring into operation the 
common “sender link control’ circuit of 
the sender-link switch frame to which the 
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selected group of. district junctors is con- 
nected. This control circuit will select an 
idle district junctor in this group which 
appears on a primary switch on the sender- 
link frame. There are ten sender links 
serving the selected district junctor. These 
ten sender links and the ten sender groups 
to which they have access on the secondary 
switches are then tested simultaneously to 
find an idle sender link with access to a 
group of senders in which there are one or 
more idle senders. When this choice has 
been made an idle sender in the group is 
then selected. 


4. The two control circuits in co-operation 
with each other operate, first the selecting 
magnets and then the holding magnets as- 
sociated with the paths selected on the 
switches of both the line-link and sender- 
link frames, and thereby establish the 
connection from the calling subscriber to an 
idle subscriber sender. 

This connection may be traced by refer- 
ring to figure 11, from the calling line on the 
vertical unit on a primary switch of the line- 
link frame, through a line link and a 
secondary switch, through a district junctor 
circuit, to a vertical unit on a primary 
switch of the sender-link frame, through a 
sender link and a secondary switch to a 
subscriber sender which is connected to 
a horizontal circuit path on the secondary 
switch. 


5. The two control circuits are then re- 
leased and made available for use on other 
calls. The connections through the switches 
to the sender are held established by means 
of the holding magnets which are held 
operated over a signal control lead, called 
the “sleeve” lead, under control of the 
relays in the sender, which in turn are under 
control of the subscriber telephone. 


Upon completion of these operations 
which take but a fraction of a second the 
subscriber sender transmits the dial tone 
to the calling subscriber as an indication 
to dial the number. When the subscriber 
dials, electrical impulses are transmitted 
to the sender, which receives and registers 
them. When the sender has registered 
the office code, which in New York City 
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for example is contained in the first three 
digits dialed, the sender will connect 
itself to an idle originating marker by 
means of multicontact relays of a marker 
connector circuit. 

Before proceeding further it is desirable 
to mention several other functions of the 
two common control circuits used for 
setting up this part of the connection. 

1. The control circuits signal to the sender 
the class of the calling line, that is, for 


example, whether the line is a coin line or a 
noncoin line. 


2. The sender-link control circuit signals 
to the sender the number of the district- 
link switch frame on which the selected 
district junctor appears, since this identifi- 
cation will be used later in the establishment 
of the connection. 


3. The sender-link control circuit tests the 
circuit paths chosen from the line circuit 
to the sender before disconnecting from the 
connection, in order to insure the proper 
establishment of the connection. In case 
of a failure the control circuits will make 
repeated trials to establish the connection 
over different paths and give an alarm to 
the maintenance force. 


4. Emergency control circuits are pro- 
vided for use in case the regular control 
circuits are removed from service for main- 
tenance reasons. 


The next stage in the progress of the 
call is illustrated in figure 12. In this 
stage of the call the principal control unit 
is the originating marker. Its major 
function is to control the switches in the 
establishment of the connection to an 
idle outgoing trunk circuit to the called 
office, which may terminate in a distant 
office or in the same office as the calling 
subscriber. 

When the subscriber sender connects 
to the originating marker through the 
connector circuit, the sender transfers 
the called-office code indication and the 
district link frame identification to the 
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Figure 14. Connection established to called 
line 


marker circuit. The called-office code 
indication causes the operation of a 
“route” relay in the marker correspond- 
ing to the particular office called. 

There are a number of route relays 
in each marker and one is assigned to 
each called office routing. The route 
relay is connected as required by the office 
code to which it is assigned, so that it 
will direct the marker to the trunks 
of the called office and to the office-link 
switch frame on which these trunks 
appear and indicate the number of 
trunks in the group. The route relay 
also is connected to determine the type 
of the called office, such as crossbar, 
panel, or manual, and to set up the cor- 
responding circuit conditions in the 
subscriber sender to enable the sender to 
handle the connection properly after the 
marker has been released. The con- 
nections of the route-relay contacts to 
the control relays in the marker are made 
flexible so as to permit the assignment 
of any route relay to any office code and 
to permit changes to be made from time 
to time in the route information, changes 
in trunk group sizes and location, changes 
in the type of terminating office, etc. 
The route relays and associated flexible 
connection facilities represent a con- 
siderable portion of the marker equip- 
ment, especially in large metropolitan 
offices where several hundred central 
offices are involved. 

When the route relay is operated, the 
marker proceeds with the establishment 
of the connection as follows: 


1. It connects to the office-link frame on 
which the trunks to the called office appear. 
This connection is made through the office- 
link frame connector circuit, one of which 
is provided for each office-link frame. 
Through this connector the marker is 
extended to the test leads of any desired 
trunk group on the office-link frame and to 
the crossbar switches of the frame. When 
so connected the marker has exclusive 
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control of the trunks and switches of the 
frame and other markers which desire con- 
nection to the same frame are deprived of 
access until the connected marker releases. 


2. The marker next tests the outgoing 
trunks to the called office and selects an 
idle one. If, as determined from the route 
relay, the trunks are divided over more than 
one frame, the marker will connect to the 
second group of trunks on the second office- 
link frame in case the first group of trunks 
is found to be busy. 


3. The marker also connects by means of 
a connector circuit to the district-link frame 
associated with the district junctor to 
which the calling line is connected. The 
identification of this frame was obtained 
from the sender and the sender-link control 
circuit as previously mentioned. Through 
the connector circuit of the district-link 
frame the marker is extended to the control 
leads of the district junctor circuit and the 
crossbar switches of the district-link frame. 
As in the case of the office-link frame, only 
one marker is connected to a frame at a time. 


4. The marker after selecting an idle 
trunk circuit which appears in a horizontal 
circuit path on one of the secondary switches 
of the office-link frame, then proceeds with 
the selection of an idle channel through the 
switches of the two switch frames. A 
number of these connecting channels is 
provided between the district junctor and 
the outgoing trunk. Each channel consists 
of -a “district link’? on the district-link 
frame, of an ‘‘office link’’ on the office-link 
frame, and an “office junctor’’ connecting 
the district-link frame to the office-link 
frame. The marker tests a group of these 
channels simultaneously and selects an idle 
one. It then operates the switch magnets 
which will connect these three paths of a 
channel, and the district junctor and the 
outgoing trunk together, thereby establish- 
ing a connection from the district junctor 
to the outgoing trunk. 


5. When the marker has completed this 
operation it checks the connection to insure 
that it has been properly established and 
that it is capable of being held under 
control of the district junctor, before 
releasing itself from the connection. 


6. The marker performs these functions 
in approximately 0.5 second then releases 
and becomes available for use on other calls. 
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It will be observed that the three links 
involved in establishing the connections 
between the district junctors and the 
outgoing trunks are used in series and 
are chosen simultaneously. Generally 
in other systems the establishment of a 
connection involving three such paths, 
is made in three successive stages with 
a possibility that after a selection has 
been made at one stage it will be found 
that the paths accessible to it are all 
busy and, therefore, the connection can- 
not be completed. 

Before describing the next stage in the 
establishment of a call, it is desirable to 
point out other features and functions of 
the originating marker. 


1. The marker permits wide variations 
in the sizes of trunk groups, permitting 
trunk groups as small as two and as large 
groups as may be required. This makes 
for an efficient use of the office-link frame 
terminals and thereby tends to reduce the 
office-link frame equipment. 


2. The marker makes a second trial to 
establish connections over alternate trunk 
routes in case calls eannot be completed 
over the normally used groups because of 
busy conditions. 


3. The marker makes a continuity test of 
the circuits over which the switches are 
controlled and tests them for short circuits, 
crosses, and open and grounded circuits 
which would interfere with the proper 
establishment of a call and where troubles 
are detected, it signals this condition to a 
common ‘trouble indicator’? where an 
indication of the trouble and its location 
is recorded and a maintenance alarm given. 
The call is then completed over another 
group of circuits. 


The first stage in the progress of the 
call through the terminating end of-a 
crossbar office is illustrated in figure 13. 
It consists of connecting the incoming 
end of the selected trunk to a terminating 
sender for the purpose of receiving the 
number of the called line from the sub- 
scriber sender. 
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‘igure 15. Completed talking connection 


When the incoming trunk is selected 
dy the originating end of the office equip- 
ment, the “sender link control” circuit 
associated with the terminating sender- 
ink frame on which the incoming trunk 
appears, is called into action. The con- 
rol circuit then proceeds with the follow- 
ng functions: 


i. To locate the incoming trunk circuit, 
which appears on one of the ten horizontal 
2aths of a primary switch. 


2. It selects an idle sender link between 
-his primary switch and a secondary switch 
on which there is an idle terminating sender. 


3. The control circuit selects one of the 
idle terminating senders reached through 
the secondary switch and then operates the 
selecting and holding magnets associated 
with the selected circuits, which will 


Figure 16. Line-link frame 
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establish the connection from the incoming 
trunk to the terminating sender. 


4. The control circuit will signal to the 
terminating sender the number of the 
incoming-link frame in which the incoming 
trunk appears. This frame identification 
will be used later in establishing the connec- 
tion to the called line. 


5. The control circuit will then disconnect 
after checking to insure that the connection 
to the sender has been properly established 
and that it will be held under control of the 
trunk and sender circuits after the control 
circuit leaves the connection. 


As soon as this operation has been com- 
pleted, which takes but a fraction of a 
second, the terminating sender will be in 
direct connection with the subscriber 
sender in the originating end of the con- 
nection. This path may be traced, by 
referring to figure 13, from the sub- 
scriber sender through the sender-link 
frame, through the district junctor, 
through the district-link and office-link 
frames, over the outgoing trunk to the 
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incoming trunk, and through the ter- 
minating sender-link frame to the ter- 
minating sender. 

At this stage of the connection the 
calling subscriber is still connected with 
the subscriber sender, and dialing may 
be still in progress. As the subscriber 
proceeds with the dialing of the digits of 
the called number, the subscriber sender 
will transfer them to the terminating 
sender, This is done by means of impulses 
transmitted over the circuit paths be- 
tween the two senders. When the sub- 
scriber sender has completed the trans- 
fer of the called number to the terminat- 
ing sender, the subscriber sender will be 
released and the calling line will then be 
connected through the district junctor 
to the incoming trunk. 

When the terminating sender has 
secured the record of the called line 
number, the sender then connects to an 
idle terminating marker by means of 
multicontact relays of a connector cir- 
cuit. 

The next stage in the progress of the 
call is shown in figure 14. The terminat- 
ing marker is the principal control unit 
at this point in the connection. Its 
principal function is to provide means 
for establishing the connection from the 
incoming trunk to the called subscriber 
line. 

When the terminating sender has con- 
nected to the terminating marker, the 
sender will transfer both the called 
line number and the incoming-link frame 
identification to the marker. The ter- 
minating marker then proceeds to estab- 
lish the connection to the called line as 
follows: 


1. It connects itself to the particular 
“number group connector” circuit including 
the “block relay’’ frame in which the called 
line appears in its numerical sequence. All 
subscriber lines are provided with a set of 
three test terminals which appear on the 
block-relay frame. These terminals cor- 
respond to the directory number of the 
subscriber line. A number group connector 
generally has access to the test terminals 
of several hundred line numbers depending 
on the terminating traffic to the lines. 


9. The marker will obtain a connection 
through the number group connector to 
the busy-test terminal of the particular 
called line and determine whether the line 
is busy or idle. 


3 It will determine from the two other 
test terminals, the identification of the 
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line-link frame where the called line ap- 
pears, and the horizontal group of line 
links which has access to the called line. 
In addition, it determines the type of 
ringing to be applied to the called line from 
the circuit conditions on the test terminal. 


4. Assuming that the called line is idle, 
the marker will connect, through the line- 
choice connector circuit, to the line-link 
frame and to the ten line links which have 
access to the called line. 


5. It will then connect, through the con- 
nector circuit, to the incoming-link frame 
associated with the incoming trunk to 
which the calling subscriber line is now 
connected. The incoming-link frame iden- 
tification was obtained from the ‘sender- 
link control circuit through the sender as 
previously mentioned. 


6. The marker will then select an idle 
channel through the incoming-link and line- 
link frames as previously described. This 
channel will consist of an “incoming link,”’ 
a “line junctor,” and a “‘line link’’ all to be 
connected in series. The marker then 
operates the proper selecting and holding 
magnets of the crossbar switches in each 
frame which establishes the connection 
from the incoming trunk to the called sub- 
scriber line. = 


7. The marker will then cause the in- 
coming trunk to start the proper ringing over 
the called subscriber line and to transmit 
the ringing-tone signal over the trunk to the 
calling subscriber. 


8. At this point the terminating marker 
and the terminating sender will have com- 


pleted their functions and, together with 
the terminating sender-link frame, will be 
released. The complete connection will 
then be established from the calling line 
to the called line and the conversational 
circuit completed when the called sub- 
scriber answers. 


If the terminating marker finds the 
called line busy it will cause the incoming 
trunk circuit to transmit a busy tone to 
the called subscriber. 

The terminating marker has the follow- 
ing other important functions: 


1. If the call is for a private branch 
exchange (PBX) the condition on one of 
the test terminals of the called line in the 
number group connector will inform the 
marker that the line is one of a group of 
lines. The marker will test all of the lines 
in the group, testing up to as many as 20 
simultaneously, and will select an idle one. 
The lines of a private branch exchange may 
be assigned to nonconsecutive numbers 
within the usual 10,000 series, and with the 
exception of the numbers dialed, they may 
be assigned to line numbers in a special 
group of 2,500 outside of the 10,000 series. 
These features reduce the necessity for 
number changes due to the growth of private 
branch exchanges, and conserve subscriber 
line numbers in the office. The lines of a 
private branch exchange group can be 
distributed over several line-link frames and 
over two number-group connectors to 
equalize the terminating traffic load in the 
case of busy private branch exchanges. 
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7 
2. The marker recognizes numbers dialed 
which are unassigned, disconnected, or 
changed numbers, and automatically routes 
such calls to an operator who will inform 
the calling subscribers as to the status of 
the numbers called. 


8. Incase the called number is on a party 
line, the marker determines from one of the 
test terminals which station of the line is 
to be rung, and signals the incoming trunk 
to provide the proper ringing. 


4, The marker tests the continuity of the 
circuit paths to be used to the called line 
before establishing the connection, to 
insure that the connection is properly set 
up and that it will be held under control of 
the subscriber telephone after the marker 
disconnects. The marker also tests for 
short circuits, crosses, and grounds, and in 
case of a failure due to any inoperative 
condition it will connect itself to the 
common trouble indicator and leave a rec- 
ord of the trouble and its location and 
give an alarm to the maintenance force. 


Figure 15 shows the complete talking 
connection through the various trunks 
and switch frames as finally established 
after all of the common control circuits 
have been released. : 

On a call to a subscriber served by a 
panel dial office, the connection is 


Figure 17. Three frame assembly of district- 
junctor, district-link, and sender-link frames 
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Figure 18. Sender frames 


routed through the district-link and the 
office-link frames in the same manner as 
on a call terminating in a crossbar office, 
but in this case the idle trunk chosen 
on the office-link frame terminates in an 
incoming panel switch in the distant panel 
dial office. The subscriber sender of the 
crossbar office causes the incoming and 
final selectors in the terminating panel 
office to select the called subscriber line 
without the aid of any terminating 
senders in either office. When the sub- 
scriber sender has completed these 
functions it will be released and the con- 
nection will be established from the 
calling line over the interoffice trunk 
circuit and through the terminating 
panel incoming and final selectors to the 
called line. On this type of call the sub- 
scriber sender operates in the same man- 
ner as though the called line were in a 
crossbar office, and the selectors in the 
panel office operate in the same manner 
as though the call had originated in 
another panel office. No changes are 
required in the panel selectors to function 
with the crossbar office. 

On a call for a subscriber in a manual 
office, the call would be routed through 
the switches of the district-link and the 
office-link frames as previously described 
and connected to a trunk circuit on the 
office-link frame which terminates in the 
B switchboard in the manual office. The 
subscriber sender of the crossbar office 
then transfers the called number by 
impulses transmitted over the interoffice 
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trunk circuit to the operator’s position 
equipment in the manual office. The 
called number appears in the form of 
visible numbers on the operator’s key- 
shelf. The operator completes the con- 
nection by ‘“‘plugging’” the associated 
trunk circuit, which terminates on a cord 
and plug, into the called subscriber line 
jack. 
A call originating in a panel dial office 
for a subscriber line in a crossbar office 
reaches the crossbar office through an in- 
coming trunk circuit as in the case where 
the call originated in a crossbar office. 
The call from the panel office is then 
handled by the crossbar office terminating 
sender and marker in exactly the same 
manner as described for calls originating 
in the same crossbar office. 

A call originating in a manual office 
for a line connected to the crossbar office 
reaches the crossbar office over an incom- 
ing trunk circuit from an A operator’s 
position in the manual office. These 
incoming trunks in the crossbar office are 
similar to the incoming trunks previously 
described. In this case, however, the 
incoming trunk is connected to a ter- 
minating B sender and by means of this 
sender to a B board operator in the cross- 
bar office. The B operator will obtain 
the called number verbally from the 
distant A operator and then, by means of 
the keyset on her position, register the 
called number in the terminating sender. 
The terminating sender will then select 
a terminating marker and the connection 
will be established in exactly the same 
manner as described for a call originating 
in a crossbar office. 


MAINTENANCE FACILITIES 


Automatic routine testing circuits are 
provided for testing all the principal 
circuit units, such as the district junctors, 
incoming trunks, and senders. These 
test circuits automatically put each cir- 
cuit, one after the other, through all of 
its functions on all classes of calls to 
insure that it performs satisfactorily. It 
tests the important relays of the circuits 
to insure that they have the proper 
adjustment to handle the worst circuit 
conditions. In case any circuit fails to 
meet the test conditions, the test is 
stopped and an alarm given to the main- 
tenance force. 

Trouble indicator circuits are provided 
for use in connection with the test and 
maintenance of the marker circuits. 
These circuits are arranged so that when 
trouble is encountered by a marker, the 
marker will seize the trouble indicator 
and operate combinations of relays and 
light small lamps which indicate the 
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Figure 19. Originating marker frame 


nature and the location of the failure 
and give an alarm to the maintenance 
force. 


Equipment 


Figure 16 shows a typical switch frame 
used in the crossbar system. This par- 
ticular frame is a “line link” frame which 
serves a group of subscribers for both 
originating and terminating traffic. The 
frameworks on which the equipment is 
mounted are constructed of rolled bulb 
angle-iron sections with a sheet-metal 
base. The bulb angle construction pro- 
vides a framework which is light in 
weight and has the required strength, and 
permits an equipment mounting arrange- 
ment which conserves space and facili- 
tates the wiring of the apparatus. The 
frames are welded and incorporate such 
features as sanitary base construction, 
guards to protect the apparatus and 
wiring against damage from the rolling 
ladders located between the rows of 
frames, and a cable duct or runway for 
the a-c power service cables with plug 
receptacle outlets for use with electric 
soldering irons, portable lights, etc. 

These frame equipments are built in 
standardized units, which provide the 
required flexibility to satisfy the varia- 
tions in telephone traffic and classes of 
service encountered in the different 
telephone areas. Where it has been 
necessary to divide an equipment as- 
sembly into several units, due to the 


Transactions 191 


limitations of handling, shipping, and to 
care for different classes of service, the 
equipments have been designed so that 
the installation effort required for inter- 
connecting such units has been reduced 
to a minimum. 

The bays of equipment located at the 
right, in figure 16, equipped with cross- 
bar switches, are the primary line-link 
bays. The vertical units of these cross- 
bar switches are wired to the subscriber 
lines. These primary bays are made 
available in units of 100 and 200 line 
capacities. As discussed previously the 
number of primary bays provided in a 
line-link frame may be varied to fit the 
traffic load of the subscriber lines. The 
left-hand bay of this frame contains the 
vertical file of crossbar switches, known 
as the secondary switches and the vertical 
units of these switches are wired to dis- 
trict junctors and line junctors. The 
line-link control circuit apparatus, which 
is common to the frame, is located at the 
bottom of this bay. 

Figure 17 shows a group of three frame 
units, namely, the subscriber sender link, 
the district junctor, and the district-link 
frames, which are closely associated in 
the trunking network and have been de- 
signed as a fixed equipment group. How- 
ever, for shipping reasons the group is 
divided into three separate equipment 
units. The district-junctor circuits, con- 
sisting primarily of relays, are mounted 
in groups on the middle frame. These 
groups are provided in standardized 
units of various types, such as those 
required to serve coin and noncoin sub- 
scriber lines. A similar arrangement 
of frames is used for the combination of 
terminating sender link, the incoming 
trunk, and the incoming-link frames, 

Figure 18 shows a row of subscriber 
sender frames and a frame of A operator 
senders located at the extreme right. 
These frames accommodate five senders 
which may be of one type, or a combina- 
tion of both types. The crossbar switch 
shown on the right of each subscriber 
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sender unit, is a part of the sender 
circuit and is employed for the purpose of 
registering the called numbers dialed 
by the subscribers. The A operator 
senders are associated with the A opera- 
tor switchboard equipment and are used 
for the completion of certain classes of 
calls such as toll and assistance calls. 

A view of the originating marker frame 
is shown in figure 19. There will be a 


Figure 20. Battery supply feeders, power 
wiring, fusing, etc. 


variation in the equipment on this frame 
for different cities due to the variation 
in the number of route relays required, 
the number depending upon the number 
of central-office codes that may be 
dialed by subscribers and operators. 
This variable feature is cared for by 
providing the route relay equipment in 
bays of 100 codes as shown in the right- 
hand bay. The terminal fields shown be- 
low the route relays on the frame provide 
the flexible connecting facilities which 
permit the use of any route relay for any 
office code and which readily permit 
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changes in routings, variations in trunk 
group sizes, and other features which are 
subject to change from time to time. 

The power-plant equipment provided 
for the crossbar offices is similar to the 
equipment now being furnished for all 
large dial central offices. The principal 
power supply arrangements provide 48- 
volt direct current for the operation of 
practically all the signaling and the 
telephone transmission circuits. Also 
several other sources of direct current 
are provided for miscellaneous purposes 
as in other standard dial systems. A 
new distribution scheme for the battery 
feeders on the frames is employed which 
reduces the amount of copper required. 
A common set of 48-volt battery feeders 
supplies the signaling and talking current 
for all frames. Individual frame filters 
are connected across the battery supply 
leads at the frames where a noise-free 
battery supply is required for talking 
circuits. Figure 20 shows a view of the 
overhead battery cables, conduits for 
the a-c power leads, and the fuse cabinets 
for the fusing of the battery supply to a 
row of frames, 


APPLICATION 


As mentioned in the first part of this 
paper, two crossbar dial central offices 
were cut into service in 1938 and these 
have now been in commercial operation 
for several months. One of these offices 
serves a residential area in Brooklyn, 
while the other serves a congested busi- 
ness area in the midtown Manhattan 
district of New York City. The opera- 
tion of these offices under actual service 
conditions has been highly satisfactory 
and our expectations in regard to per- 
formance have been fully realized. 

This type of system will be used for 
new offices in large cities instead of the 
panel system as rapidly as manufacturing 
and plant conditions permit and the ap- 
paratus which was designed for this 
system will be used in other fields of the 
telephone system. 


ELECTRICAL ENGINEERING 


_ | 
Breakdown Studies in Compressed Gases 
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HE superior dielectric strength of 

compressed gases, their low dielectric 
loss, their low dielectric constant, their 
low cost, and the fact that they are self- 
healing make them very promising insu- 
lating media. Compressed-gas insulation 
has been used in precision condensers 
where low dielectric loss is essential; it 


_has been tried in other types of equip- 


ment such as transformers; it has been 
suggested for electric power cables where 
the low dielectric constant is of consider- 
able importance; and recently it has 
found interesting and important applica- 
tion in the production of very high volt- 
ages by electrostatic means for use in X 
ray and nuclear physics work. 

While several investigations of the in- 
sulating properties of compressed gases 
have been made, nearly all of them have 
dealt with small total voltages and were 
made under conditions very different 
from those that would obtain in a prac- 
tical application. The present work out- 
lines the scope of former studies, gives an 
introduction to the physics of breakdown 
in gases, and presents experimental data 
for gas pressures, principally air, up to 
600 pounds per square inch and direct 
voltages up to 450,000 volts. The re- 
sults have been analyzed in the light of 
existing theories, and new evidence is 
presented to support the modifications 
in theory that are suggested. 


Experimental Aspects 


Spark-over or breakdown between a 
pair of electrodes immersed in a gas will 
occur at a voltage which is, at ordinary 
temperatures, determined primarily by 
the gas pressure, the electrode separation, 
the electrode configuration, the nature of 
the gas, and the nature of the applied 
voltage, particularly its rate of increase. 


Paper number 39-10, recommended by the AIEE 
committee on research and presented at the AIEE 
winter convention, New York, N. Y., January 


23-27, 1939. Manuscript submitted August 5, 
1938; made available for preprinting November 
29, 1938. 


Arvin H. Howe t is research assistant at Massa- 
chusetts Institute of Technology, Cambridge. 
This paper is based on a thesis submitted in partial 
fulfillment of the requirements for the degree of 
doctor of science at MIT in 1938. 


*In reality W. S. Harris*! discovered the Paschen 
relationship in 1834, more than a half century 
before Paschen’s publication. This is the more 
remarkable because absolute potential measure- 
ments could not be made until 1860. Harris 
therefore states his results in terms of the charge 
on a condenser of fixed capacity; for this case 
charge and voltage are proportional. 
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The effect of pressure and electrode sepa- 
ration on the sparking voltage is given by 
Paschen’s law,* which states that for a 
given gas and a uniform field the sparking 
voltage is a function of the product of the 
electrode separation and the pressure; 
the more general similarity law holds for 
electrodes which give nonuniform fields. 
The curve in figure 1 shows the relation- 
ship between the sparking voltage for air 
and the product of the pressure and the 
electrode separation, The minimum ex- 
hibited by the curve may be considered 
to separate the region of vacuum break- 
down from that of pressure breakdown. 
It will be observed that no uniform air 
gap can have a sparking voltage less than 
350 volts. In the region of pressure 
breakdown the sparking voltage rises 
steadily as the product of the pressure 
and, the electrode separation is increased. 


IN KILOVOLTS 


VOLTAGE 
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INCHES x ATMOSPHERES 
Figure 1. Breakdown voltages for air—the 


Paschen relationship (from Schumann’*®) 


Since pressures below atmospheric were 
used in the experiments which led to the 
formulation of Paschen’s law, the curve 
in figure 1 has to be restricted with regard 
to pressure. The numerous tests which 
have been made at higher pressures, sum- 
marized in table I, have shown that data 
for pressures above a certain value, pos- 
sibly ten atmospheres, cannot be repre- 
sented by a single curve. 

As figure 1 shows, large sparking volt- 
ages occur only when the product of 
pressure and electrode separation is large. 
Table I shows that in this region only a 
few measurements have been made, and 
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they are for alternating voltages. The 
present work is aimed in the same direc- 
tion but with direct potentials which, of 
course, permit a study of the effect of 
polarity. 

With one exception the measurements 
presented in this paper have been made 
in air with gauge pressures up to 600 
pounds per square inch and voltages up 
to a maximum of 450,000 volts. These 


CURRENT 


BREAKDOWN VOLTAGE 


VOLTAGE 


Figure 2. Current flow before the initial 
discharge 


studies have been made with uniform 
fields, needle point to plane, and con- 
centric-cylinder electrode arrangements. 

Uniform fields were used because they 
are of general interest and they permit a 
proper comparison with the results of 
others. The needle-point-to-plane ar- 
rangement was selected in order to de- 
termine the effect of pressure on the cur- 
rent-voltage characteristic of such points. 
This information is of interest to those 
operating Van de Graaff generators in 
compressed air. The cylindrical elec- 
trodes are also of general interest. Only 
cylindrical arrangements having a ratio 
of cylinder diameters approximately equal 
to « were used. This ratio produces, for 
a given outside diameter of cylinder and 
a fixed voltage between cylinders, the 
smallest gradient at the surface of the 
inner conductor. 

The current flowing through the gas 
prior to sparking was studied for the uni- 
form fields and the cylinders as well as 
for the point-to-plane configuration. This 
feature of the work, measurement of cur- 
rent above atmospheric pressure, has not 
been reported by other workers in this 
field. 


Theoretical Background 


In order to introduce the theoretical 
side of the breakdown picture, let the 
current-voltage characteristic for a pair 
of plane electrodes be considered. Figure 
2 shows that the current first rises in 
proportion to the voltage at low voltages, 
then reaches a constant or saturation 
value (perhaps 10~! amperes with the 
equipment used in the present experi- 
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ments and maximum pressure), and later 
increases rapidly as the breakdown volt- 
age is approached. When this limiting 
voltage is reached a new equilibrium con- 
dition is set up which is determined by 
the experimental system, but which is 
characterized by much larger values of 


Table I. Index 


current. The new equilibrium condition 
may be a glow (or some related discharge 
such as a brush or corona) or it may be 
an arc. In cases where the glow appears 
first an arc will appear at a still higher 
voltage. In the discussion that follows 
the term initial discharge is used to desig- 


nate the first discharge that appears, and 
the voltage at which this occurs is called 
the ignition voltage or the initial voltage. 
The term breakdown voltage is used 
synonymously with sparking voltage to 
designate the voltage at which the initial 
discharge transfers to an arc. 


to Former Studies of Breakdown at Pressures Above Atmospheric 
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Electrodes 


Spherical segments (10 cm. diameter) 


. .Spherical segments (10 cm. diameter) 


Platinum wires (0.2 mm. diameter) 


. .Sewing needles (point-point) 
. .Sewing needles (point-point) 
. .Sewing needles (point-point) 
.. Various kinds of points 

.. Aluminum wires (0.09375 in. 


rounded ends 


tion of compressed gas. ] 


.. Planes (4 cm. diameter) 


diameter) 
ameter) 


plates) 


.-Platinum wires (0.2 mm. diameter) 
.. Platinum wires (0.2 mm. diameter) 


diameter) 


.. Platinum wires (1 mm. diameter) 
.. Platinum wires (1 mm. diameter) 
.. Platinum wires (1 mm, diameter) 
..Flat plate condenser. [First applica- 


..Gold plated spheres (15 mm, diameter) 
..Platinum plated spheres 


(145 mm, 


.. Spheres (0.3175, 0.635, 2.54 cm. di- 
..Condenser (5 concentric cylindrical 
.. Magnesium spheres (1 cm. diameter) 


.. Magnesium spheres (1 cm. diameter) 


Gold spheres (1 cm. diameter) 


.. Planes (45 mm. diameter) 


points to planes 


. .9 sets of electrodes 


. .8 sets of electrodes 

.. Spherical segments (15 mm. 
.. Planes (10 mm. diameter) 
..Planes (45 mm. diameter) 

.. Spherical segments (15 mm, 


. Spherical segments (15 mm. 
. Spherical segments (15 mm. 
. . Spherical segments (15 mm, 
. Spherical segments (15 mm. 
. Spherical segments (15 mm, 


.. Planes (108 mm. diameter) 
.-Planes (108 mm. diameter) 
- Rods (1/2 in, diameter), rounded ends 
.. Planes (about 5 to 8 in. diameter) 

.. Spheres (16 mm. diameter) 


..Needle gap 
..Concentric cylinders (25.4 and 31.8 


mm. diameter) 


mm, diameter) 


..Spheres (15 mm, diameter) 
. Spherical segments (300 mm. diameter) 


(300 mm. diameter) 


..Gold spheres (1 cm. diameter) 
..Gold plates (14 mm. diameter) 


..Calottes (150 mm. radius of curvature) 
..Calottes (30 mm. radius of curvature) 
.-Calottes (15 mm, radius of curvature) 
-.13 sets of electrodes ranging from 


diameter) 


diameter) 


diameter) 
diameter) 
diameter) 
diameter) 
diameter) 


..Concentric cylinders (25.4 and 381.8 


..Sphere (2 mm. diameter)—segment 


* = constant at value stated. 


(a) Very small; not specified. (6) Arbitrary units, 
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(c) Results show gradients as a function of pressure. 
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(d) Air, Ne, Oz, COs, He, and illuminating gas. 
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ad 


To understand the behavior of the cur- 


it is necessary to know that nor-~ 


mally cosmic rays, radioactive radiations, 
and photoelectric action are constantly 
producing ions and electrons in the gas, 
at the electrodes, and at the walls of the 
container if there are any. At low volt- 


, 


ages the current is produced by the move- 
ment of these charge carriers, under the 
action of the electric field, to the elec- 
trodes. The saturation condition is 
reached when the charge carriers arrive 
at the electrodes at the same rate as that 
at which they are produced by the causes 


mentioned above, allowing of course for 
such effects as recombination. The cur- 
rent rises above the saturation value 
when the electric field is able to cause a 
multiplying of the charge carriers in the 
gas and at the electrodes. This multi- 
plying action increases rapidly with 
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cao yee oa he "28. ce ee a 2 a 3 mm. 98 ..d-c (h) ..Brass spheres (5 cm. diameter) 
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* = constant at value stated. 
(e) Impulse. (f) Various mixtures of CCl and air. 
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(g) Various mixtures of CCl2F2 and air. 
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(h) Various mixtures of SO: and air. 
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voltage at voltages just below the igni- 
tion value. At the ignition voltage the 
current ceases to depend on external 
sources of ionization; it becomes self- 
sustaining. 

A complete analysis of the problem in- 
volves accurate knowledge about all the 
possible methods of producing charge 
carriers either at the electrodes or in the 
gas, about the manner in which these 
carriers are moved through the gas as a 
result of diffusion and the influence of the 
electric field, and finally about the man- 
ner in which they may disappear. At the 
present time it is recognized that new 
carriers may be produced by a number of 
methods, but adequate quantitative 
knowledge about most of these is not yet 
available. 

Plausible ionization processes in the gas 
are: (1) ionization by electron impact; 
(2) ionization by positive-ion impact; 
(8) photoelectric action; (4) ionization 
by metastable atoms and excited atoms; 
(5) multistage ionization (all types); 
(6) ionization by neutral atoms; (7) 
thermal ionization. 

The anode need not be considered be- 
cause electrons coming from it would im- 
mediately return. The possibility of the 
emission of positive ions from the anode 
appears remote and, so far, is not sup- 
ported by experiment. 

Clearly the difficulty is not one of find- 
ing a conceivable process by which the 
charge carriers can be multiplied, but 
rather one of finding which of the many 
available ones are important. There is 
general agreement that the action of 
electrons in the gas is the important or 
primary process. This is the a process. 
It assumes that one electron produces a 
new ion pairs in traveling one centimeter 
through the gas. Now if an electron 
leaves the cathode, new ones will be 
generated in geometrical progression, 
giving rise to an electron avalanche: 
the number of electrons in the avalanche 

fads 
is €° after the distance d to the 
anode has been traversed. Experi- 
mental tests have shown that the current 
rise just preceding the initial discharge 
cannot be accounted for by the a mecha- 
nism alone. 

The 8 mechanism assumes that the 
positive ions ionize neutral gas molecules 
as they move to the cathode and that one 
ion in moving one centimeter produces 
6 new ion pairs. On the assumption that 
only the a and £ processes are active, an 
equation may be derived which is able to 
describe the current rise before the initial 
discharge. The equation furthermore 
predicts an infinite current for a certain 
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combination of the variables a, 8, and d, 
or for a certain combination of pressure, 
voltage, and electrode separation. The 
relationship of variables predicting un- 
limited current flow has been interpreted 
to be the condition necessary for the ini- 
tial discharge, and has been found to be 
in agreement with experimental values. 
The self-sustaining current which ac- 
companies the initial discharge is es- 
tablished when the ions produced by one 
electron are able to produce one electron. 

An alternate possibility is the Y mecha- 
nism which assumes that the positive 
ions liberate electrons when they strike 
the cathode, and that Y electrons are 
emitted by each positive ion. This as- 
sumption with the a mechanism also 
allows the current before the initial dis- 
charge to be described and the ignition 
voltage to be predicted. 


It happens that there are still other 
mechanisms which when taken with the 
a process will allow the predischarge cur- 
rent to be described and the initial 
voltage to be predicted. They are the 
action of photons in the gas or at the 
cathode, and the action of metastable 
atoms in the gas or at the cathode. The 
most generally accepted one is the 7 
mechanism which assumes that photons 
liberate electrons from the cathode and 
that 7 electrons are liberated by each 
photon. Of course it is also possible to 
satisfy the current and voltage require- 
ments with a combination of two or more 
of the secondary processes. 


The multiple solution difficulty arises 
from the fact that, in all equations, a 
dictates the principal behavior of the 
current rise in that it governs exponen- 
tials whereas the other quantities play a 
less dominating role. The experimental 
data are not especially precise and do not 
permit a distinction to be made between 
the various equations. 

From the standpoint of understanding 
the elementary physical processes that 
are at work, it is evident that little can be 
concluded from considering only the pre- 
discharge current rise and the initial 
voltage. Since it has already been men- 
tioned that one of the features of the 
present work is the measurement of cur- 
rent above atmospheric pressure, it might 
at first seem that this is misdirected effort. 
However, the currents which can be de- 
scribed by the equations mentioned above 
are not the currents measured in this 
study; the currents measured here are 
self-sustaining values. 


Additional information has been ob- 
tained from other sources, such as the 
time necessary to initiate the self-sus- 
taining condition, photographs of the 


Howell—Breakdown in Compressed Gases 


Pressure vessel and generator 


Figure 3. 


early stages of breakdown, direct experi- 
ments which study the individual ele- 
mentary processes, and the experience 
with all the various types of gas dis- 
charges. The evidence seems to indicate 
that many of the proposed mechanisms 
are either absent or that they are too rare ~ 
to consider in the ordinary sparking 
phenomenon. At present it is believed 
that the important ones for the common 
gases are the a, y, and 7 processes, with 
the additional consideration of field dis- 
tortion due to space charge. For long 
sparks in mixed gases such as lightning 
strokes, or for self-sustaining discharges 
from isolated electrodes, it appears that 
photo-ionization in the gas becomes im- 
portant as well. Here it seems necessary 
to have the electrons regenerated in the 
gas rather than at the electrodes, as they 
are with the y and 7 processes. 

To date the theory has been concerned 
principally with explaining breakdown at 
pressures which do not exceed atmos- 
pheric. At higher pressures one might 
expect to find new processes at work: 
a discussion of this possibility will be in- 
cluded with the results. 


Apparatus 


The experiments presented in this paper 
were made in a special portable pressure 
vessel having an internal diameter of 13 
inches and an inside length of 42 inches. 
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[he tank was fabricated by welding to- 
ether standard outside diameter pipe 
and steam fittings. It had two hand 
noles near the center and each contained 
2 window. The tank was so suspended 
on its portable truck that all the opera- 
tions, including assembly, could be man- 
aged readily by one person. Figure 3 
shows the complete vessel and the gen- 
=rator in the operating position. 

_ The high direct potentials (up to one- 
half million volts) as obtained from a Van 
de Graaff generator, were introduced 
into the pressure chamber through a 
solid Textolite bushing which was forced 
into a tapered nozzle at the upper end of 
the tank. The bushing extended 15 
inches into the container and 65 inches 
outside. 

The electrodes used for producing uni- 
form fields were turned from ordinary 
cold-rolled steel. They had a flat section 
2 inches in diameter and edges formed by 
using a constantly decreasing radius of 
curvature. The maximum diameter of 
each electrode was 7'/1s inches. Figure 
4 shows a sectional view of the three 
types of electrodes that were used. Ex- 
perience showed that the distribution of 
sparks over the flat area was uniform and 
that the sparks were practically all con- 
fined to this area. For this reason it was 
assumed that the electrodes produced a 
satisfactory uniform field. 

The low-potential electrode was sup- 
plied with a ball and socket joint which 
permitted the electrodes to be made 
perfectly parallel at any time simply by 
forcing them together. This electrode 
was moved by a fine screw which allowed 
the electrode separation to be known to 
within 0.001 inch. The technique used 
eliminated back lash, and stretching of 
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Figure 4. Electrode configurations: uniform 
field, concentric cylinder, point to plane 


the tank was readily corrected for by ad- 
justing the scale. An ordinary spark plug 
was used as a bushing for leading the 
current through the tank wall; the leads 
both inside and outside the tank were 
shielded. 

The needle-point-to-plane configura- 
tion was realized by replacing the low- 
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potential electrode of the system de- 
scribed above with a 30-degree cone 
having a phonograph needle set in its 
point. 

Copper was used for making the 
cylindrical electrodes for constructional 
reasons. In each case the inner electrode 
was attached to the conductor running 
through the bushing and terminated in an 
aluminum sphere which insured that the 
highest gradient would occur in the test 
section. The outer cylinders were held 
between spun flanges which were at 
ground potential, the cylinder was in- 
sulated from the flanges. The whole 
system was held in position by four ad- 
justable screws directed radially against 
the tank wall from each flange. This 
allowed the cylinders to be made per- 
fectly concentric. Experience showed 
that the distribution of sparks within the 
length of the outer cylinder was per- 
fectly uniform and the insulating feature 
made it possible to measure the current 
flow to the outer cylinder. 


Four sets of cylindrical electrodes were 
employed and each of these had a ratio 
of diameters as nearly equal to € as it was 
possible to obtain them. The combina- 
tions of diameters used were !/2 inch and 
1}/jg inches; 3/4, inch and 21/16 inches; 
11/s inches and 3 inches; and 11/2 inches 
and 4 inches. The outer cylinder was 5 
inches long in all cases. 

Gas was obtained in commercial tanks 
and was dried by passing it slowly 
through a five-foot tower filled with 
Drierite and then through phosphorus 
pentoxide. The moisture inevitably 
trapped in the vessel was removed by 
placing a container of phosphorus pent- 
oxide in the tank and circulating the en- 
closed gas for a period of 10 or 12 hours. 
As the results will show, air was generally 
employed, though two tanks of nitrogen 
and one of helium were used in some 
special experiments. 


The voltage measurements were made 
with a special resistor consisting of 960 
10-megohm units connected in series and 
encased in a suitable Textolite container 
filled with insulating oil. A microam- 
meter (accuracy one-half of one per cent) 
was used for measuring the resistor cur- 
rent. Numerous tests indicated that this 
voltage measuring system certainly gave 
an accuracy of two per cent, and probably 
of one per cent. The meter was used 
within a grounded case and was pro- 
tected from surges by the usual system 
of a neon bulb and a suitable series re- 
sistance. The long lead to the resistor 
was completely shielded. 

The current to the low-potential elec- 
trode was measured with a multiple-range 
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semisuspension meter which was used in 
a grounded case with surge protection 
and shielded leads. Currents as small as 
0.005 microampere were detectable with 
this instrument. 

The pressure was measured with two 
Crosby steam gauges, one measuring pres- 
sures to 200 pounds and the other to 1,000 
pounds. 

The following simple and definite pro- 
cedure was always followed in taking ob- 
servations. The potential was increased 
in a step-wise fashion from a value defi- 
nitely below the minimum voltage at 
which the gap would break down, until 
a spark was produced. The increments 
approximated one per cent or two per 
cent, and voltage was held constant for 
one minute at each step. The value at 
which breakdown occurred and also the 
current flowing just before breakdown 
were recorded. The procedure was re- 
peated until about ten readings were 
available for averaging. 

Although the technique employed is 
time consuming, it was felt that it pro- 
duced the desired results. The readings 
of any one group sometimes differed from 
the average by as much as ten per cent, 
but the average was generally reproduc- 
ible to within two to five per cent. The 
large amount of scattering occurred only 
at the higher pressures, where the time 
lag becomes excessively large; at low 
pressures, where the lag is small, the 
measurements can be taken a good deal 
faster and more accurately. Inasmuch as 
the breakdown generally consisted of a 
single spark, and this of short duration 
because of the small capacity of the 
generator, no trouble was experienced 
from the arc effect such as Reher* re- 
ports. 

Some of the workers who have made 
measurements at high pressures have 
used ultraviolet radiation, X rays, or 
radioactive radiations on the cathode to 
cut down the time lag. Such devices were 
not used in this work, as it was desired 
to study the currents existing normally 
without added sources of ionization. 


Results 


UNIFORM FIELD 


The results for the uniform field may 
well be introduced by considering figures 
5 and 6. The first of these shows values 
of breakdown voltage as a function of 
electrode separation for various constant 
pressures. Clearly the voltage increases 
almost linearly with the separation at 
any pressure. Figure 6 shows the values 


38. For all numbered references, see list at end 
of paper. 
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of breakdown voltage as a function of 
pressure for various fixed separations. 
Here the voltage increases linearly with 
the pressure for the first eight or ten at- 
mospheres and then more and more slowly 
as the pressure is raised still further. At 
600 pounds the voltage is less than 60 
per cent of what it would be if the linear 
rise had continued throughout the entire 
range. As other workers have observed 
at smaller spacings, the Paschen law does 
not apply above about ten atmospheres. 

The above results were obtained from 
a single sample of carefully dried air. 
The measurements were repeated for 
three other samples of air, and it was 
found that the results are reproducible 
to within a few per cent when proper care 
and precautions are taken to have all 
essential conditions the same. 

However, it is possible to get break- 
down voltages widely different from those 
that have been presented. For example, 
by simply sanding the flat part of the 
electrodes the breakdown voltage at the 
higher pressures can be reduced by a 
factor of three or four. At the lower 
pressures the reduction is smaller, but 
even at one or two atmospheres it may 


be as much as 25 per cent for the first © 


few sparks. 

The detrimental effect of roughening 
the electrodes can be overcome by pro- 
longed sparking. At low pressures the 
voltage rises rapidly with the first few 
sparks and quickly attains a maximum 
value. At higher pressures the maximum 
voltage is not attained until several 
hundred, or possibly thousands of sparks 
have passed. The beneficial result from 
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Figure 5. Breakdown voltages for plane 
electrodes in air at various constant gauge 
pressures 
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sparking may be termed electrical con- 
ditioning of the electrodes and the meas- 
urements so far presented apply to com- 
pletely conditioned electrodes. The re- 
sults for such electrodes were found to be 
independent of the polarity of the genera- 
tor or of the sample of air; they were the 
same when measurements were made with 
ascending or descending pressures. 


Figure 7 shows the effect of electrode 
conditioning on the breakdown voltage 
for a one-fourth-inch separation. The 
upper curve applies to well-conditioned 
electrodes, and the two lower curves to 
roughened electrodes; roughening has 
reduced the breakdown voltage by a 
factor of only two in this case. The two 
remaining curves apply to electrodes 
which have been partially conditioned. 
Both show the significant fact that con- 
ditioning is completed at the lower pres- 
sures before it is at the high ones. The 
curve which exhibits a maximum is of 
interest in that it shows how a carefully 
taken set of measurements may yield 
entirely misleading results. A consider- 
able amount of conditioning was effected 
during the taking of these measurements 
because a number of spacings were stud- 
ied at each pressure; only the results for 
the one-fourth-inch separation are given. 
The different points on this peaked curve 
therefore correspond to different amounts 
of electrode conditioning. This is not 
true for the other curves because their 
points were taken in quick succession 
using only one separation. The peak oc- 
curred because an amount of conditioning 
sufficient to compensate for the 100- 
pound reduction in pressure accrued 
between the time the one-fourth-inch 
point was taken at 600 pounds and the 
time the corresponding point was taken 
at 500 pounds. The anomalous results 
obtained by Ceruti,4 where he found 
breakdown voltages increasing faster 
than either pressure or separation, may 
well have been caused by conditioning 
phenomena. 


The conditioning process is evidently 
an electrode phenomenon. To verify 
this the sample of gas was changed (pres- 
sure = 500 pounds) when conditioning 
was partially complete and again when 
fully complete; in neither case was the 
breakdown voltage affected. Further- 
more it seems that it is the irregularities 
on the electrodes which are responsible 
for the reduction in breakdown voltage; 
the sparking presumably burns off the 
irregularities. A compelling reason for 
believing this is that at small spacings 
tiny flashes can generally be seen on the 
surface of rough electrodes at the instant 
of sparking. They disappear by the 
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4 
| 
time the conditioning process is com- 
pleted. That the irregularities involved 
are extremely small is evidenced by the 
fact that no surface was produced which 
did not need some conditioning; the most 
satisfactory one was made by using the 
finest sandpaper, then crocus cloth, and 
finally buffing with rouge on a cloth 
wheel. 

Other investigators have also men- 
tioned that the breakdown voltage is 
augmented by operation of the apparatus; 
Wien gives numerical values indicating 
a 20-per-cent improvement with use. 
Evidently a variety of results can be ob-— 
tained for a given set of conditions with — 
any apparatus and it is, therefore, neces- 
sary when reporting results to specify 
definitely the conditions under which they 
were taken. It is not unreasonable to 
suppose that part of the lack of agree- 
ment among the results of the different 
workers may arise from this source, since 
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Figure 6. Breakdown voltages for plane 
electrodes in air at various constant spacings 


the magnitude of the conditioning effect 
may be large. 

The present procedure of quoting fully 
conditioned values may be misleading, 
It was done because these were the only 
values which were found to be repro- 
ducible. From an engineering standpoint 
it would seem that they are much too 
optimistic. From the standpoint of 
making comparisons with other results 
it leaves something to be desired because 
the amount of conditioning possible with 
each apparatus is presumably different. 

But how can tiny irregularities on the 
surface of the large electrodes produce 
such a reduction in the breakdown volt- 
age? In order to understand this it is 
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ecessary to know the important physical 
aspects of the breakdown mechanism at 
, higher pressures. A knowledge of these 
"processes is also necessary to explain the 
results obtained with fully conditioned 
‘ electrodes and the reason for the failure 
_ of Paschen’s law here. 

It was mentioned earlier that in the 


ordinary sparking phenomenon for the 


- common gases the important mechanisms 
"are probably the so-called a, y, and 7 
_ processes, with the additional considera- 
tion of field distortion due to space 
charge. Photoionization was also men- 
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Figure 7. Effect of electrode conditioning 
on the breakdown voltage for plane electrodes 
in air at one-fourth-inch spacing 


tioned for long sparks in mixed gases. 
These processes are doubtless also at 
work at the higher pressures. 

It has been suggested that the role of 
space charge becomes increasingly im- 
portant as the pressure is raised and that 
the field distortion produced by it is the 
reason for the failure of Paschen’s law at 
higher pressures. The assumption is 
that at pressures below ten atmospheres 
the effect of space charge is small and the 
field is uniform. The density of the space 
charge increases with the pressure and at 
about ten atmospheres it is sufficient to 
cause the gradient at the cathode to rise 
above the average gradient; at this time 
the breakdown voltage ceases to rise 
linearly with the pressure. Indeed, the 
hypothesis seems plausible, but it does 
not explain the detrimental effect of 
electrode roughening. Surely it teaches 
that the breakdown is initiated in the 
overstressed cathode region and that only 
the cathode irregularities are of impor- 
tance. Roughening only one electrode 
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should, therefore, introduce a polarity 
effect. This experiment was carried out 
and it was found that sanding the sur- 
face of one electrode reduced the break- 
down voltage for both polarities by ap- 
proximately the same amount. 

The space-charge hypothesis may be 
modified to explain the lowering from 
roughnesses by assuming that self-sus- 
taining point discharges are set up on the 
minute surface irregularities. Since a 
discharge of this type may exist on either 
a positive or a negative point, the detri- 
mental effects are not restricted to rough- 
nesses on the cathode. Lowering from 
points on the cathode could be caused by 
the space charge as explained above. 
Lowering from points on the anode might 
be due to the chaining of electron ava- 
lanches as discussed with the results for 
the point-to-plane configuration. 

The existence of point discharges seems 
more reasonable when the current flow 
is considered. Figure 8 shows the cur- 
rent-voltage characteristic for plane elec- 
trodes at various stages of the condition- 
ing process (one-fourth-inch separation, 
500-pounds pressure). The actual nu- 
merical values should not be depended 
upon because they vary a great deal. 
It will be observed that this character- 
istic always has the shape one would ex- 
pect for a point discharge. Further, it is 
difficult to account for current of this 
magnitude without assuming that a self- 
sustaining discharge exists; it definitely 
cannot be accounted for on the basis 
that it is the normal predischarge current 
which was discussed in connection with 
figure 2. 

The point-discharge assumption is also 
consistent with the fact that roughnesses 
are less effective in producing voltage re- 
ductions at low pressure. Here the 
mean free path is longer than at high 
pressure, and only a few irregularities 
are of sufficient magnitude to permit the 
discharge to be established. The first 
few sparks remove these and conditioning 
is complete. At higher pressures, where 
the mean free path is reduced, point dis- 
charges can take place from smaller ir- 
regularities. Those are probably more 
numerous, making it necessary to pass 
many sparks before the conditioning is 
complete. 


That the current-voltage characteristic 
retains its shape and the current its ap- 
proximate magnitude throughout the 
conditioning process is also in harmony 
with the hypothesis. For very rough 
electrodes the discharges easily take 
place from the big irregularities and only 
a relatively low voltage is required. 
When the larger irregularities are removed 
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Figure 8. Effect of electrode conditioning 
on the current flow between plane electrodes 
(air at 500 pounds, one-fourth-inch spacing) 


a higher voltage is required for the dis- 
charge, and the curve for the current is 
shifted along the voltage scale as was 
shown. 

The point-discharge hypothesis is fur- 
ther fortified by a second method of con- 
ditioning the electrodes. It was found 
that conditioning could be effected by 
maintaining the voltage just below the 
breakdown value for relatively long peri- 
ods of time. Conditioning amounting to 
perhaps 80 per cent of that realizable by 
sparking could be produced in 20 or 30 
hours. The self-sustaining point dis- 
charge tends to remove the irregularity 
on which it was formed, and in these long 
periods this could produce a goodly 
amount of conditioning. It also seems 
probable that this method would not be 
capable of carrying the conditioning as 
far as the sparking process would carry it. 

The space-charge hypothesis and the 
modification of it that has been suggested 
are not the only plausible processes which 
apply to breakdown at high pressures. 
It has also been suggested that Paschen’s 
law fails because the gradient at the 
cathode becomes so high that field emis- 
sion initiates breakdown. At ten at- 
mospheres, where the law begins to fail, 
the average gradient is somewhat less 
than 0.4 X 10® volts per centimeter. 
The actual gradient is modified by the 
presence of space charge as well as by 
surface irregularities, and it may be pos- 
sible under existing conditions that field 
emission becomes an important process. 
This hypothesis is easily able to account 
for the reduced breakdown voltages 
found with the roughened electrodes. 
But it certainly demands that roughnesses 
on the cathode are the important ones, 
and therefore that a polarity effect should 
exist. The absence of such an effect 
appears to be an irreconcilable contradic- 
tion of the hypothesis. 

Another possibility is that the effect of 
the high field enters by lowering the 
potential barrier at the cathode, thus 
facilitating the escape of electrons. 
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Figure 9. Breakdown voltages for cylindrical 
electrodes in air (inside cylinder positive and 
negative) 


Hither the y mechanism, which assumes 
that positive ion bombardment of the 
cathode regenerates primary electrons, 
or the 7 mechanism, which assumes that 
photoelectric effects at the cathode re- 
generate the initial electrons, could be 
aided by such a field. Certainly this 
would occur at gradients lower than the 
values which are necessary for cold emis- 
sion and the resultant lowering would set 
in gradually. This hypothesis, like that 
for field emission alone, is admirably 
suited to explain lowering of the break- 
down voltage by irregularities on the 
cathode, but fails to account for the ab- 
sence of a polarity effect. 

Of the hypotheses which have been pre- 
sented, only one seems to be consistent 
with the observations relating to the 
voltage lowering with rough electrodes 
and the current flowing between them. 
But this does not mean that the point- 
discharge hypothesis is to be used alone. 
Indeed it is able to explain only the 
voltage lowering due to irregularities 
and does not account for the failure of 
Paschen’s law that is observed at higher 
pressures with fully conditioned elec- 
trodes, unless it is assumed that the 
electrodes can never be entirely free from 
irregularities which are important at the 
higher pressures. There is some evi- 
dence to support even this assumption 
in that it was found that there was always 
some current flow at high pressures prior 
to sparking, 

Another phenomenon that was ob- 
served at low as well as high pressures is 
that after a delay of ten hours or more it 
was generally found that the first few 
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sparks occurred at a somewhat reduced 
voltage. This is understandable if one 
supposes that minute irregularities are 
produced on the surface either by rusting 
action or by the settling of dust particles 
on the surface. 


CONCENTRIC CYLINDERS 


The results for the four sets of cylin- 
drical electrodes are shown in figure 9. 
The smallest pair of cylinders showed a 
clear-cut polarity effect at the high pres- 
sures. The larger ones showed a decided 
polarity effect, and in addition the meas- 
urements for them were especially un- 
certain for the positive polarity (inside 
cylinder positive). For this case there 
seemed to be no definite breakdown volt- 
age which could be reproduced. At the 
higher pressures the values ranged from 
about 50 to 80 or more per cent of the 
breakdown voltage for the negative polar- 
ity. In this respect the behavior of the 
cylinders was somewhat like that of the 
positive point-to-plane configuration. 
This might be expected since the cylinders 
present a less severe case of a nonuniform 
field. A conditioning effect was also 
present; however, the improvement with 
sparking was often suddenly terminated 
by a burst of sparks and a great reduction 
in the breakdown voltage. The voltage 
usually improved with further operation, 
but the lowering was ultimately repeated. 
This behavior suggests that the sparking 
did not always improve the electrodes, 
but sometimes damaged them. For the 
negative polarity the cylinders behaved 
like plane electrodes with regard to condi- 
tioning. 

It is something of a surprise to find that 
the positive polarity supports the smaller 
voltage at high pressures. The field emis- 
sion hypothesis, the modification of it, 
and the space charge assumption, all in- 
dicate that the reverse ought to be true. 
The point discharge proposition is again 
the only one of those proposed which 
seems to agree with the experimental re- 
sults, 


In the present case of a nonuniform 
field the self-sustaining discharge must 
always be formed on the inner cylinder. 
Then to account for the polarity effect ob- 
served, it is necessary to assume that at 
high pressures the positive point is some- 
what more effective in producing voltage 
lowering than the negative point. One 
might also conclude that its action is 
somewhat more erratic since measure- 
ments for the positive case were always 
characterized by some uncertainty. This 
is in agreement with the results obtained 
for needle points, which will be discussed 
in the following section, 
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Throughout the experiments tiny 
flashes could be observed on the inner 
cylinder at the instant of sparking. As 
with the plane electrodes, currents were 
associated with roughened surfaces and 
the current was reduced by conditioning. 

Table I shows that only two experi- 
menters have previously studied break- 
down as a function of pressure for con- 
centric cylinders and that both have used 
alternating potentials. The polarity effect 
reported here is evidently new. The re- 
sults of Finkelmann,!! which show that 
the alternating voltage increase above ten 
atmospheres is small for air and No», agree 
with those reported here for direct poten- 
tials. 


NEEDLE POINT TO PLANE 


For the needle-point-to-plane arrange- 
ment only a few typical results can be in- 


VOLTAGE IN KILOVOLTS 


Figure 10. Voltages to produce specified 
currents in air with point-to-plane electrodes 
spaced one-fourth inch 


cluded. Measurements were made on a 
number of gas samples for the electrode 
spacings, one-fourth inch, one-half inch, 
one inch, and two inches. Quantitative 
results will be given only for air and for 
one spacing. 

The results for the needle-point-to- 
plane arrangement can best be introduced 
by considering figure 10. Here the volt- 
ages required to spray definite currents of 
10, 30, and 100 microamperes are plotted 
as a function of pressure for both polari- 
ties of the point. It will be observed that 
the voltage does not increase as rapidly 
as the pressure and that it is not greatly 
different for the two polarities. Also, the 
curves for positive polarity do not extend 
above 200 pounds per square inch. The 
reason is that above this pressure a steady 
point discharge cannot be maintained 
from a positive point; a spark occurs in- 
stead. The curves for the negative point 
are arbitrarily stopped at 300 pounds; 
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they extend to 600 pounds, and no doubt 
beyond. 

That a critical pressure exists is shown 
in another way in figure 11. Here the 
upper curves represent the sparking volt- 
age for a positive point and the lower 
curves show the normal current flow just 
before sparking occurs. The voltage rises 
until a pressure of about 100 pounds is 
reached, then it becomes uncertain and 
may have any value between the two 
curves shown, finally at 150 pounds drop- 
ping suddenly to the initial potential 
curve. The initial potential is the voltage 
at which the point discharge and, there- 
fore, appreciable current flow start. The 
current curve behaves in a somewhat simi- 
lar manner. Two important exceptions 


are that it falls to zero above the critical 


pressure and that it exhibits a peak at low 
pressures. 


it was for the set of curves shown in 


figure 10. The reason is that the former 


results apply to a new needle point, 


whereas these apply to one that had been 
The dull point was em- 


dulled by use. 


ployed because it does not change ap- 
preciably with a reasonable amount of 
sparking. It is a significant fact that the 


Figure 11. Voltage and current character- 


istics for positive-point-to-plane electrodes 


spaced one-fourth inch in air 


critical pressure is lower for a dull point 
than for a new one. 

The sudden rise in the current curve 
at very low pressures is associated with a 
change in the appearance of the visible 
discharge. At atmospheric pressure a 
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It will also be observed that 
the critical pressure is not 200 pounds as 


dull point maintains a glow just at the tip 
of the needle, though sometimes a faint 
beam extends across to the cathode. 
When the pressure is increased a few 
pounds, the discharge (usually a glow but 
sometimes a brush) suddenly lengthens 
and the current rises. At first it extends 
across to the cathode, but it shortens and 
the current drops rapidly as the pressure 
is further raised. With still higher pres- 
sures the current again increases but the 
dimensions of the discharge continue to 
diminish. The shortened discharge takes 
on a variety of forms and each gives a 
different result; hence measurements are 
difficult to reproduce. 

Visual observation of the sparks from 
a positive point revealed that they behave 
in a peculiar way. At low pressures they 
pass straight across the gap. This con- 
tinues to the 100-pound point, which 
marks the start of the uncertain measure- 
ments. At this pressure the sparks do 
not always follow the shortest path but 
are spread out. The spreading becomes 
more pronounced as the pressure rises 
until the critical pressure is reached, then 
it becomes very slight again. Thus, 
spreading of the sparks seems always 
to be associated with uncertain measure- 
ments. 

The photographs in figure 12 illustrate 
the type of results that can be obtained; 
the spreading was observed for all spac- 
ings. Each exposure shows a number of 
single sparks spaced about one-fourth or 
one-half minute. It will be observed that 
the sparks leave the point at many differ- 
ent angles and some travel a short dis- 
tance in the direction away from the plane 
electrode. Some of the photographs sug- 
gest that the sparks never follow the 
shortest path when the spreading is mani- 
fest. The possibility could be investi- 
gated by making simultaneous observa- 
tions from different angles, but this was 
impossible with the apparatus used. 

The results for a dull negative point are 
shown in figure 13. The voltage curves 
are typical of all that were obtained for 
negative points. The current curves for 
other conditions, however, 
exhibited a minimum value. Sparks from 
a negative point always followed the 
shortest path and the steady discharge 
always existed as a glow of approximately 


sometimes 


constant size. 
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The current-voltage characteristic for 
both positive and negative points was 
studied as a function of pressure. It was 
found that for either polarity the shape 
was substantially independent of pres- 
sure. Figure 14 shows the results for a 
one-half-inch separation; six sets of data 
are plotted for the positive point (0, 15, 
30, 50, 100, and 150 pounds pressure), 
and five sets of data are given for the 
negative point (0, 100, 200, 300, and 400 
pounds). When reduced to a percentage 
basis the curves for different pressures 
are in surprising agreement. In making 
the computations the breakdown volt- 
age was taken to be the 100 per cent volt- 
age and the normal current flow corre- 
sponding to a voltage just below the 
breakdown value was taken to be the 100 
per cent current, 

The results that have been given for 
the positive point can be understood by 
considering the space charge left by the 
electron avalanche as it moves toward 
the point. At low pressures the density 
of the space charge in the avalanche path 
is too low to cause significant field dis- 
tortion. Furthermore the ions are quickly 
moved out of the avalanche path by diffu- 
sion. As the pressure increases, the den- 
sity of space charge in the avalanche path 
rises and diffusion decreases with the re- 
sult that at higher pressures the field 
does become distorted by space charge 
and the ions remain in the path of the 
avalanche for relatively long periods of 
time. Under these conditions the space 
charge filaments constitute new points 
toward which other electron avalanches 
may be directed. The pressure at which 
the spark spreading starts is that for 
which the space-charge filament is dense 
enough to direct electron avalanches to 
itself. The fact that the space charge 
concentration remains for a relatively 
long time permits the effective electrode 
configuration to be built up in peculiar 
forms through a series of successive ava- 
lanches, and thus when the spark occurs 
it is led to the point over long and irregu- 
lar paths. The measurements are un- 
certain because the electrode configura- 


Figure 12. Spark spreading for positive- 
point-to-plane electrodes spaced one inch 
in air 
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Figure 13. Voltage and current character- 

istics for negative-point-to-plane electrodes 

spaced one-fourth inch and one-half inch 
in air 


tion is uncertain. That the pressure at 
which the uncertain phenomenon begins 
is lower for the larger electrode separa- 
tion is understandable. The large num- 
ber of ions in the interspace reduces the 
actual field in the vicinity of the point 
with the result that ion filaments of re- 
duced density are able to direct electron 
avalanches toward themselves. 

The above hypothesis readily accounts 
for the observed behavior of the sparks 
in the unstable region, but it does not 
explain how the chance mechanism is 
suddenly terminated by the appearance 
of a stable behavior. A possible explana- 
tion of this critical pressure is the occur- 
rence of thermal ionization of the gas. 


At high pressures the large amount of - 


heat energy developed by the avalanche 
is not effectively removed through dif- 
fusion and thermal conductivity. The 
temperature in the avalanche path rises 
with pressure until it becomes sufficient 
to dissociate and ionize the gas molecules 
and when this happens a new type of 
sparking mechanism presumably sets in. 
The point discharge causes, through 
progressive thermal ionization, the effec- 
tive point to be projected toward the 
cathode until breakdown results. On 
this sort of basis it is reasonable that the 
sparking potential should coincide with 
the initial potential, and that scattering 
of the measurements and uncertainty 
of the spark path should cease. 

Another possible interpretation of the 
positive point behavior is that the space 
charge near the point reduces the gradient 
at the apex, as previously suggested, until 
the actual gradient there is less than the 
gradient in the radial direction from the 
side of the needle. When this happens 
the sparks leave the needle radially in 
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order to follow the strongest field. Since 
they would all tend to avoid taking the 
shortest path, this would explain the 
photographs that show no short paths. 
In this connection it would be helpful to 
establish whether or not any of the sparks 
follow the shortest path. 

The existence of a critical pressure may 
also be explained on a space charge basis. 
Normally the geometric field of a point- 
to-plane arrangement is such that the 
point discharge is stable. But as the 
pressure is raised the amount of space 
charge in the interspace is increased and 
this makes the actual field more nearly 
uniform. Finally the tendency of the 
space charge to make the field uniform 
overcomes the stabilizing nature of the 
geometrical arrangement to such a degree 
that a stable discharge cannot be main- 
tained. 

It has been mentioned that a negative 
point does not exhibit the uncertain re- 
gion or the critical pressure which has 
been discussed. This can be under- 
stood since the electron avalanche in- 
herently spreads as it moves away from 
a negative point and therefore does not 
permit filaments with a high space-charge 
density to be realized. Also the field at 
the apex of the needle is increased by 
the space charge and not diminished. 


In order to test the thermal ionization 
hypothesis the studies so far described 
for air were repeated for nitrogen, again 
for helium with three per cent nitrogen, 
and finally for a mixture containing equal 
partial pressures of the two gases. The 
ions involved in the breakdown are nitro- 
gen ions in all these cases. Since the 
helium has more than six times the ther- 
mal conductivity of nitrogen, the helium- 
nitrogen mixtures carry the heat energy 
out of the avalanche paths more rapidly 
than nitrogen. The nitrogen ions also 
diffuse more readily through helium than 
through nitrogen. Because of these two 
effects, thermal ionization in helium- 
nitrogen mixtures should not begin at 
as low a pressure as in nitrogen alone, 

The experiments showed definitely that 
the critical pressure is much higher for 
the helium mixtures than for nitrogen. 
The results for a one-fourth-inch spac- 
ing showed that the critical pressure was 
190 pounds for pure nitrogen, approxi- 
mately 500 pounds for helium mixed with 
three per cent nitrogen, and 350 pounds 
when equal partial pressures of the two 
gases were used. Similar results were ob- 
tained for other spacings. Either thermal 
conductivity or diffusion or both would 
cause the results for equal partial pres- 
sures of the two gases to fall midway be- 
tween the others as they do. 
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The spreading of the sparks was smaller 
for nitrogen and for helium mixed with 
three per cent nitrogen than it was for air. 
But for equal partial pressures of the two 
gases the sparks spread as much or more 
than they did for air. 

An experiment by Goldman and Wul!8 
for pure nitrogen at 100 degrees centi- 
grade showed that the critical pressure 
at this temperature was greater than it 
was at 13 degrees centigrade. About 
half of the rise they observed was due to 
the change in the density of the nitrogen 
with temperature. An increase was still 
manifest and this was probably largely 
caused by the increased diffusion at the 
higher temperatures. Their results were 
also in harmony with the thermal-ioniza- 
tion hypothesis. 

One bit of interesting information that 
came out of this study of points is that 
the dissociated oxygen which resulted 
from the discharge caused a very rapid 
rusting of the electrodes and the tank 
walls. A brown dusty appearance could 
be detected after very few hours’ opera- 
tion. The deposit was collected for some 
time and analyzed spectrographically. 
It was found to be principally iron, nickel, 
and chromium, with traces of impurities 
likely to be found in the metal. 

The results of this section indicate that 
additional difficulties would be encoun- 
tered if electrostatic generators of the belt 
type were to be operated in compressed 


8 


te) 
{e) 


® 
ie) 
= 


20 


10 


CURRENT IN PER CENT OF CURRENT AT BREAKDOWN 
o 
e) 
— 


° 
fe) 
3 
3 
fo) 
o) 
3 
3 


30 405 70 6 
Oo 10 20 30 46 80 6 96 $8 & 100 


VOLTAGE IN PER CENT OF BREAKDOWN VOLTAGE 


Figure 14. Current-voltage characteristics for 
point-to-plane electrodes in air at various 
pressures 


gases at pressures above the critical pres- 
sure. It appears that the operating re- 
quirement which specifies that the two 
parts of the belt be equally and oppositely 
charged cannot be met when positive 
charge cannot be sprayed on the belt. 
The results also reveal theoretical in- 
formation which is of interest in the study 
of breakdown at high pressures. This is 
of importance since evidence is at hand 
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F to indicate that the point discharge is 
of particular significance in all high- 
pressure breakdown, 
rough electrodes are employed. 


i Conclusions 


Breakdown measurements made with 
plane electrodes were found to be greatly 


especially when 
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Discussion 


G. C. Nonken (General Electric Company, 
Pittsfield, Mass.): Alvin H. Howell is to 
be commended on his review of the past 
work done on the dielectrics of high-pres- 
sure gases. Likewise, on his own work 
which has extended the combined voltage- 
pressure range to a considerably higher 
value than has previously been recorded. 

It is of practical importance to compare 
the breakdown strength of air at high pres- 
sures with the breakdown strength of other 
typical high-voltage insulation. The im- 
portant thing that shows up in such a com- 
parison is that whereas the d-c breakdown 
of compressed air expressed in volts per 
mil is constant for different spacings as 
shown by Mr. Howell’s figure 5, the dielec- 
tric strength in volts per mil of solid and 
liquid dielectrics drops off very rapidly 
with increased spacing. (The breakdown 
strength of solid insulation varies about as 
the two-thirds power of the spacing.) In 
making three typical comparisons we find 
that the d-c breakdown strength of five- 
mil thickness of good solid insulation is 
over three times higher than the same thick- 
ness of compressed air at 500 pounds pres- 
sure; the d-c breakdown strength of one- 
half-inch good solid insulation is slightly 
stronger than a half-inch of air at 500 pounds 
pressure; while 0.1 inch of transil oil is only 
about one-third the Strength of air at 500 
pounds pressure with d-c applied voltage. 
These comparisons would undoubtedly be 
much different on the basis of alternating 
or impulse voltages instead of direct volt- 
age, or if the comparisons were made with 
other than parallel plate electrodes. It ap- 
pears that if high-pressure gas is to be used 
as a dielectric, it will be in the ultrahigh- 
voltage field, where the insulation spacing 
is an inch or more. 

In 1935, I made some tests on the corona 
current on a point-to-plane gap in air. [| 
observed that the corona current, when the 
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point was negative, was composed of a 
series of high-frequency current pulses 
which involved frequencies higher than 
1,000 kilocycles. These current pulses 
built up very rapidly and then fell off ex- 
ponentially to zero. The frequency of occur- 
rence of these pulses was quite regular and 
increased with the applied voltage. With 
a positive point, a pulsating corona current 
occurred at the first initiation of corona, but 
at slightly higher voltage, the corona current 
changed to a steady state. These pulsating 
corona currents point to the important part 
which space charge has on the mechanism 
of breakdown. I would like to ask Mr. 
Howell if he observed this pulsating-corona- 
current phenomena in his tests, and if so, 
would the microammeter which he used re- 
cord correctly the average value of these 
high-frequency currents. 

I have observed the critical pressure in 
the breakdown versus pressure curve of 
sharp-edged gaps; similar to that shown in 
Mr. Howell’s figure 11. 

One test setup consisted of rod gaps tested 
with 60-cycle voltage in nitrogen. The 
critical pressure for that arrangement was 
140 pounds per square inch gauge, and was 
not typified by such an abrupt discontinuity 
in the voltage breakdown curve as is shown 
in figure 11, 


G. W. Dunlap (General Electric Company, 
Schenectady, N. Y.): Mr. Howell has done 
a very creditable piece of work and his paper 
presents valuable additions to the growing 
fund of information about the dielectric 
strength of gases at pressures above atimos- 
pheric. 

Several questions arise and perhaps some 
related findings from the experience of the 
writer in a similar investigation may be 
pertinent. 

The comments about the mechanism of 
breakdown are quite interesting and throw a 
new light on this phase of the subject. A 
better understanding of this mechanism is, 
of course, vital to the application of gases 
under pressure to the insulation problem. 
Regarding this point, the following ques- 
tions might be answered. 

Does not the same mechanism account for 
the departure from the Paschen relation 
with “uniform fields” as well as the critical 
pressure effect found with the point plane? 
It would seem to be a matter of degree. 

Inasmuch as all the tests reported were 
made with direct current, it is possible that 
the full importance of space charge is not 
appreciated. This effect is more apparent 
when voltages with different time-amplitude 
characteristics are applied. For example, 
a six-centimeter rod gap in nitrogen at four 
atmospheres absolute was found to have a 
breakdown value of about 150 kv with 60- 
cycle voltage and a value of only 120 ky for 
a 1'/> x 40 positive impulse. This is, of 
course, directly opposite to the usual rela- 
tion between impulse and 60-cycle break- 
down. 

In the study of dielectric breakdown it is 
well to be careful in drawing conclusions 
about the mechanism of breakdown on the 
basis of currents flowing before breakdown. 
Insulation studies in general have shown a 
decided lack of correlation between such 
current conditions and the actual break- 
down. 


Also can atoms remain in a metastable or 
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excited state long enough to effect the 
strength of a given volume of gas for a time 
in the order of tens of seconds? In tests 
where positive impulse voltages were ap- 
plied to sphere and rod gaps in gases under 
pressure it was found that the strength of a 
given gap depended to some extent on the 
preceding voltage application. Almost in- 
variably the application of an impulse at 
some level within the range of voltages that 
could produce breakdown would cause a 
flashover if there had been a flashover on 
the previous application. Conversely, if 
there had been no flashover on the preceding 
application, the same voltage would be 
withstood and the voltage could be raised 
to the upper limit before a breakdown would 
occur. Impulses were applied at intervals 
of approximately one-half minute so this 
phenomenon is not satisfactorily explained 
by the usual conceptions of ionization by 
impact or electric or thermal stress. 

Concerning the effect of roughening the 
electrodes, was any relation noted between 
the amount of effect and the spacing of the 
electrodes? It seems reasonable that the 
presence of small points could produce 
changes of the magnitude reported. Ex- 
perience of the writer in corona studies 
seemed to indicate a measurable effect from 
irregularities of microscopic size on bare 
copper cables for high-voltage transmis- 
sion lines. 

Figure 11 of the paper shows a maximum 
breakdown voltage at 150 pounds though 
the conclusions give a value of 200 pounds. 
Was any relation noted between the critical 
pressure and electrode spacing? For stand- 
ard one-half-inch square rod gaps in nitrogen 
the writer found breakdown voltage maxima 
at four atmospheres absolute for both posi- 
tive impulse and 60-cycle voltages. There 
was some indication that this critical pres- 
sure decreased with increasing gap lengths. 

The attack on metal parts mentioned as 
due to dissociated oxygen should be re- 
membered if application is to be made where 
frequent breakdowns could occur. Similar 
trouble has been experienced where gases 
of complex molecular structure have been 
used. The use of an inert gas such as nitro- 
gen obviates this difficulty. 

In the engineering application of gases 
under pressure it is important to remember 
the wide range of dielectric strengths ob- 
tained by varying such factors as the field 
configuration and the polarity of applied 
voltage. This is emphasized by the results 
given by Mr. Howell. It is impossible to 
design gas-insulated apparatus on the basis 
of a pressure-breakdown curve for one gap. 


Victor Siegfried (Worcester Polytechnic 
Institute, Worcester, Mass.): Mr. Howell 
has presented a fine piece of work on a very 
important line of research, and is to be com- 
mended on the thoroughness with which 
the investigation was made. Many of the 
features of high-pressure gaseous insulation 
have been determined and the limits within 
which developments may be expected for 
an application of gas under pressure for in- 
sulation are shown to be elastic but high as 
compared with practice up to the present. 
Mr. Howell’s discussion of the effects noted 
with regard to conditioning of electrodes is 
particularly appropriate. It is obvious 
that for any commercial development of 
long lengths of cable, little or no condition- 
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ing effect will be realized and that the real 
practical limit is established by results for 
rough electrodes, as shown in figure 7 of 


_ his paper. 


An investigation of pressure relations 


with gas for a dielectric at Worcester Poly- 
technic Institute has shown similar results 
to Mr. Howell’s, in that for unconditioned 


electrodes, there is a distinct disagreement 
between points on the breakdown curve 
taken with increasing pressure and those 
taken with pressure decreasing. The trends 
are quite definite, and it seems to make little 


difference as to the order in which the tests 


are made. The specimen used is a concen- 
tric cylinder with a ratio of outer to inner 
diameter of about four, flashed over with 
alternating potentials, and of a length so 
that previous sparking of the gap produces 
little conditioning, since as soon as one spot 
becomes conditioned, another point takes 
the arc under approximately the same con- 
ditions as the first. This gives rise to the 
belief that the effect is more than an elec- 
trode effect entirely, yet it is difficult to 
understand how the gas can be affected 
directly by the direction of pressure change. 
The factor of time seems to play no part, 
as the gas can be left at any pressure for a 
length of time on either curve and still show 
a wide separation between rising and falling 
pressure values. The investigation of this 
phenomenon would help in arriving at the 
practical limits for gas-pressure insulation. 

I would like to suggest another point of 
significance from the practical side of the 
discussion. The ratio of cylinder diameters 
at very near to e, as used by Mr. Howell, 
gives results which will seldom be achieved 
except under laboratory conditions. The 
interesting values of this ratio are those 
slightly above e, since the corona-free break- 
down given by the curves in this paper is a 
very special type of spark-over. Further 
work of the same caliber as Mr. Howell’s 
should be undertaken with a wide range of 
cylinder diameter ratios. Results from 
such a set of tests may help to clear up some 
of the baffling phenomena observed and 
possibly improve the test procedure to a 
point where observations will not be af- 
fected by sudden bursts of violent sparking, 
since some corona will be present to initiate 
slow discharge before complete breakdown 
ensues. 

Mr. Howell has attempted to explain 
many of his results from fundamental con- 
cepts, but has had to throw out many pos- 
sible explanations because they do not fit 
one observation, namely, the lack of dif- 
ference in breakdown voltage for a reversal 
of polarity. I do not see how the polarity 
can be definitely biased for plane electrodes, 
and for cylinders the results are already 
counter to polarity theory; so that my 
own feeling is that there may be more to 
Mr. Howell’s explanations than he has 
allowed on the basis of the one key observa- 
tion. I hesitate to suggest that his work 
is in error, for I can certainly do no better 
than he has done, but it may be that the 
sensitivity of the measurements does not 
permit easy detection of a polarity effect 
which may be present. 


R. C. Buehl (Massachusetts Institute of 
Technology, Cambridge): The excellent 
paper of Mr. Howell naturally raises the 
question of the extension of the results to 
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higher pressures and alternating voltages. 
In this connection, two questions are of 
importance, namely: 


ule Does the breakdown approach a definite maxi- 
mum with increase of pressure, or continue to rise 
at a slower rate than at low pressures? 


2. 4 Will electrodes condition themselves or de- 
teriorate when breakdown measurements are made 
with alternating voltages from a transformer so that 
each breakdown is followed by a short-time arc? 


The answer to these questions for plane 
electrodes is contained in measurements on 
nitrogen with 60-cycle alternating current 
made by the author in 19385 with the ap- 
paratus sketched in figure 1 of this discussion 
but not previously published. The nitrogen 
was partly purified by passing over magne- 
sium heated to 400 degrees centigrade and 
through a trap cooled by solid CO. Errors 
due to time lag were eliminated by irradiat- 
ing the gaps with ultraviolet radiation from 
an iron are but this had no appreciable ef- 
fect on the breakdown voltages except to 
make them more consistent. A resistance 
of 1.8 megohms was used as a series resist- 
ance to protect the electrodes from exces- 
sive pitting. After a breakdown, the volt- 
age was removed in a fraction of a second by 
a relay. 

The breakdown voltages are plotted 
against pressure in figure 2. Below 15 at- 


mospheres there was little spread in the 
breakdown measurements, all the values 
falling within two per cent of the average, 
so that the electrodes seem to have been 
satisfactorily conditioned. This condition- 
ing required about 50 breakdowns. 


Above 
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Figure 1. Apparatus employed for break- 
down measurements on gas at high pressures 
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this pressure, the spread on the breakdown 
voltages became much greater, becoming 
as great as 15 per cent in some cases, the 
spread being shown by the shaded areas in 
figure 2. In general, each successive break- 
down voltage would tend to be higher than 
the previous one until a maximum was 
reached but occasionally an arc would ap- 
pear to damage the surface so that the 
following breakdown measurements would 
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Figure 2. Breakdown voltages for nitrogen 
with plane electrodes at various constant 
separations 


be at the bottom of the spread. Conse- 
quently, with the apparatus employed, the 
condition of the electrodes appeared to be 
continually changing in the range from 15 
to 45 atmospheres. An interesting phe- 
nomenon was observed, namely, that sparks 
which lasted only a fraction of a half cycle 
often occurred at the lower breakdown volt- 
ages. These conditioned the electrodes so 
that the following breakdown voltage was 
always considerably higher. 

Above 45 atmospheres the spread in the 
breakdown voltages again became small 
except that the sparks of short duration 
mentioned above occurred occasionally at 
voltages below those necessary to cause a 
repeated breakdown during each half cycle. 
These low breakdown voltages are not 
shown in figure 2. Since the extrapolations 
of the curves from high pressures coincide 
with the minimum breakdown values ob- 
served between 15 and 45 atmospheres, it 
appears that the irregularities on the elec- 
trodes—either points or active regions of 
low work function—become more important 
at high pressures, and their effects cannot 
be removed as readily by breakdown above 
45 atmospheres as below. Above 45 atmos- 
pheres the breakdown voltage increases 
about linearly with the pressure but the 
rate of increase of breakdown voltage with 
pressure is only about one-fifth that at 
atmospheric pressure. This corresponds 
roughly to the ratio of the slope of the curves 
for rough electrodes at high pressures to the 
slope for conditioned electrodes at atmos- 
pheric pressure given by Mr. Howell in his 
figure 7. From this it would seem that sur- 
face irregularities, which act as points of 
local discharge or sources of electrons, play 
an important role in determining the break- 
down voltages at high pressures. Although 
the mechanism of breakdown at high pres- 
sures is probably different from that at 
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atmospheric pressure, the surface irregulari- 
ties probably control the breakdown volt~- 
age and largely mask the effect on the break- 
down voltage of a change in the mechanism 
of breakdown. 


E. W. Davis (Simplex Wire and Cable 
Company, Cambridge, Mass.): The author 
has carried out a most careful investigation 
of this subject and has gathered together a 
very good background of past experimental 
work. 

The art of cable manufacture is moving 
forward quite rapidly and a very large num- 
ber of new types of cables use or contem- 
plate using pressure-type insulation to ob- 
tain increased dielectric strength and greater 
reliability. This present paper dealing as 
it does with gas should be of some value for 
gas-filled cable and of considerable use for 
future cable design for high-voltage d-c 
transmission. 

The experiments with cylinders are of 
particular interest to us and it is hoped that 
future work with cylinders of varying ratio 
of D to d will be tried and also that tests 
with alternating potential will be made. 
The choice of a fixed ratio of D/d = e was 
perhaps a wise one for this initial work. 
Breakdown tests of cables having varying 
ratios of D/d do not follow the theoretical 
formula for large ratios of D/d (over value 
of «) and as yet no good explanation has 
been offered. 

Minimum stress, maximum stress, cur- 
rent density (pyroelectric effects), and 
corona-type formula have been offered with- 
out much success. In connection with this 
problem we are interested in the erratic be- 
havior of concentric cylinders having the 
inside one positive and also with the pro- 
nounced polarity effect found which is ap- 
parently new. If this polarity effect is pro- 
nounced it is conceived that for alternating 
voltage there may be some rectifying action 
taking place which would allow the building 
up of space charges and explain the reason 
why corona-type formula apply fairly well 
to cables insulated with solid-type dielec- 
trics. 

The author is to be congratulated on 
avoiding many of the pitfalls in dielectric 
strength tests which sometimes lead to er- 
roneous conclusions. 


A. H. Howell: The gentlemen who have 
offered discussions have presented valuable 
material and the writer wishes to express 
appreciation for these contributions. 

Mr. Buehl’s results with alternating 
voltages appear to be in agreement with 
those for direct potentials reported in the 
present paper. It is especially helpful to 
have available these quantitative results 
from his work. 

The comments of Mr. Davis are especially 
significant because of his close association 
with the commercial aspects of insulation 
problems. 

Mr. Nonken has made interesting com- 
parisons of the dielectric strengths of typical 
solids and liquids with those presented for 
compressed gases. Regarding the question 
he raises concerning the possible pulsating 
nature of the currents that were observed, 
this was not checked and there were no ob- 
servations indicating that the current pos- 
sessed this pulsating quality. The micro- 
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Bus Protection 


AIEE-EEl COMMITTEE REPORT* 


HE RECENT occurrence of several 
serious switch-house fires has oc- 


casioned an unusual interest in the mat- 


ter of bus protection. Acting upon the 
belief that a comprehensive survey of 


modern practices in such protection would 


be of some benefit to those interested, 
the relay subcommittee of the AIEE pro- 
tective devices committee and the relay 
subject committee of the Edison Electric 
Institute electrical equipment committee 
jointly prepared and circulated a rather 
extensive questionnaire on the subject. 
It is the purpose of this report to pre- 


Paper number 39-19, recommended by the AIEE 
committee on protective devices, and presented at 
the AIEE winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript submitted 
November 8, 1938; made available for preprinting 
December 10, 1938. 


* A report prepared under the auspices of the relay 
subcommittee of the AIEE protective devices 
committee and the relay subject committee of the 
Edison Electric Institute electrical equipment 
committee by J. H. Neher, chairman of the AIEE 
relay subcommittee and engineer in charge of relay 
design for the Philadelphia Electric Company, 
Philadelphia, Pa., and H. L. Wallau, chairman of the 
EEI electrical equipment committee and electrical 
engineer of the Cleveland Electric Illuminating 
Company, Cleveland, Ohio. 


sent factual data on the principal types _ 


of bus protective schemes as reported by 
the 34 companies replying to the question- 
naire, and also to present a discussion of 


the design features involved as indicated . 


by the replies to specific questions asked 
and collateral data supplied. 


Classification of Bus 
Protective Schemes 


In order to obtain as much uniformity — 


as possible in the scope of the replies 
solicited, the three principal types of bus 
protection were defined as follows in the 
questionnaire: 


A. Differential Protection. The bus pro- 
tective relay is operated from a differential 
connection of current transformers located 
in all sources to and feeds from the bus and 
therefore distinguishes between bus and 
external faults by virtue of its connection. 


This system offers protection against phase 
faults, ground faults, or both, dependent 
upon the use of phase relays, the use of a 
neutral relay only, or of the latter in com- 
bination with phase relays. 


ammeter used would be expected to read 
correctly the average value of high-fre- 
quency pulsating currents. 

The suggestion of Mr. Dunlap that the 
mechanism underlying the critical pressure 
effect for a positive point-to-plane electrode 
arrangement may account for the departure 
from the Paschen relation with uniform 
fields at higher pressures seems reasonable. 
This is not necessarily true since numerous 
physical processes are at work in the break- 
down of a gas, and as yet there is insufficient 
evidence to determine whether the one re- 
sponsible for the critical pressure phenome- 
non is wholly responsible, partially re- 
sponsible, or not at all responsible for the 
failure of the Paschen relationship. 

It has been suggested that metastable 

atoms may not play a part in the breakdown 
when the time lag is of the order of tens 
of seconds. Whether or not metastable 
atoms are important in the breakdown of a 
gas is determined not by the time lag, but 
rather by whether they live long enough to 
travel from the point where they were 
created to the point where they regenerate 
electrons (the cathode) which contribute to 
the discharge. 
‘ A definite answer to the question concern- 
ing the magnitude of the effect of electrode 
roughening for different electrode separa- 
tions was not obtained in the present study. 
The question was raised but not explored. 
The few results obtained did not show much 
of an effect with separation. 

The effect of electrode spacing on the 
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critical pressure has been raised. The 
critical pressure for a given positive point 
was practically independent of spacing for 
the spacings used (up to two inches). It 
was observed that the particular point used 
affected the critical pressure, the pressure 
being lower for a dull point than for a 
sharp one. However, the pressure et which 
spark spreading and uncertain measure- 
ments began was lower for the larger spac- 
ings. 

The remarks of Mr. Dunlap concerning 
the effect of the gaseous products of break- 
down on the apparatus and of the importance 
of such factors as field configuration and 
polarity in design are most significant. 

Mr. Siegfried raises the question of a 
polarity effect with plane electrodes. The 
polarity effect was expected only for the ar- 
rangement of one conditioned electrode and 
one rough electrode. On the assumption 
that breakdown is initiated at the cathode 
(and is not influenced by the condition of 
the anode) as it is with some of the sug- 
gested mechanisms, such a gap ought to 
exhibit breakdown voltages corresponding 
to rough electrodes when the rough electrode 


is the cathode and breakdown voltages cor- 


responding to conditioned electrodes when 
the conditioned electrode is the cathode. 
This difference in voltage would easily be 
detected and was the effect expected. 

The results of Mr. Siegfried’s own work 
are very interesting and it is helpful to have 


the comments from his practical point of 
view. 
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. Fault Bus Protection. The normally 
grounded parts in the station are inter- 

mnected through a “fault bus’? which is 
onnected to the station ground through 
one or more current transformers in such 
a manner that currents due to ground faults 
occurring on the bus or associated equip- 
ment must pass through this fault bus and 
erate a bus protective relay connected to 
the above mentioned current transformers. 
As indicated, this system offers protection 
only against faults involving ground. 


C. Partial Differential Protection. The 
bus protective relay is connected to current 
transformers located in one or more of the 
sources to the bus. Operation on external 
faults is prevented by: 


1. Utilizing an overcurrent relay with a time 
‘setting selective with the rest of the system protec- 
tion under the prevailing conditions. 


2. Utilizing a distance relay with a definite ohmic 


‘pickup set above the value of reactors located in 


the sources to or feeds from the bus; or a distance 
relay with a time-distance characteristic set selec- 
tively with the rest of the system protection. 


This system offers protection against phase 
faults, ground faults, or both, according to 
type, and connections of the relays em- 
ployed. 


Numerical Data 


The numerical data obtained from two 
general questions covering the main con- 
structural and operational features of the 
installations are given in table I. Because 
of wide variations in the number of in- 
stallations reported by individual com- 
panies, there have been incorporated both 
the number of reporting companies and 
of installations of each class reported. 
In general, no effort has been made to 
minimize the discrepancies appearing in 
the tabulation because of incomplete de- 
tail in the replies. 

Of the total installations, three com- 
panies reported 61 per cent and six com- 


Table I. Summary of the Constru 


panies reported 81 per cent of the type A 
installations; three companies reported 
62 per cent of the type B installations, 
while the type C installations were much 
more uniformly distributed among the 
reporting companies. 

On the basis that all similar applica- 
tions were installed at the earliest date 
listed by the reporting company and ap- 
plied to the total bus sections so reported, 
it appears that type A installations have 
been in use for 11 years, type B for 10 
years, and type C for 7 years to the begin- 
ning of 1988. It will be noted that this 
has a tendency to exaggerate their actual 
age. 

Group phase bus construction is used 
in 93 per cent of the sections equipped 
with type A and in 87 per cent of those 
equipped with type C protection. The 
type B fault bus systems are primarily 
favored for use with indoor installations, 
some 82 per cent being so reported. The 
margin of the isolated phase installations 
over the group phase for type B is not 
as great as might be expected. 

The voltage ranges were selected to 
emphasize the grouping points of the 
numbers of reported installations. 

In respect to the type of faults pro- 
tected against, the answers were tabu- 
lated as specified on the individual re- 
turns, except that type B installations 
were listed under “ground faults” only. 
In some cases they were specified in the 
“both” category and undoubtedly these 
installations will function properly for 
phase-to-phase faults involving ground. 
This is probably true of all the installa- 
tions listed under ‘“‘ground faults.” Both 
A and C types of protection may have 
installations listed in the ‘‘both’”’ cate- 


gory with the same thought in mind, 

As regards the matter of system ground- 
ing, practically all cases involving an iso- 
lated neutral apply to distribution sub- 
stations. The majority of the fault bus 
installations are used in connection with 
limited ground currents since most are 
installed in generating stations where 
this is a standard practice. 

The balance current relays employed 
are principally of the percentage-differ- 
ential type. Distance relays are of the 
impedance type. 

One company lists 172 type A instal- 
lations with instantaneous overcurrent re- 
lays. Sixty-six percentage-differential re- 
lays listed under ‘“‘balance current” in 
type A installations are in use by another 
company. 

It is apparent that the type of current 
transformer used depends primarily on 
the type of bus construction. The bush- 
ing type is heavily favored with the differ- 
ential class of protection since most of the 
protected buses are of the outdoor type. 
In the case of the fault bus type of pro- 
tection, most installations are indoors, 
which makes the wound type of trans- 
former convenient. 

The “combination” group contains ex- 
amples of all possible groupings of the 
three principal classifications. 

Four companies reporting about 300 in- 
stallations practically all of the differen- 
tial type, use the term “‘excellent”’ to in- 
dicate performance in lieu of numerical 
data. 


Causes of Incorrect Operations 


This information is sufficiently im- 
portant to justify the inclusion of more 


ctional and Operational Features of the Bus Protective Installations Reported 
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oblique bars designate the number 


N The figures to the left of the oblique bars designate the number of reporting companies while those to the right of the 
OTE: e fig 


of bus sections reported. 
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detail from the individual returns. 
Number of 

Incorrect 

Operations Causes 

Sree ccs Incorrect wiring. 

Cres Errors in routine testing, such as ap- 
plying potential to the ground bus. 

ules ane oS Differential relay failure. 

ii. mee Improper application, principally fail- 
ure to consider current transformer 
ratio changes under high fault cur- 
rents. 

Beet. wee Construction errors. In one case this 
was a matter of poor contact and in 
another construction men inadvert- 
ently cut into an operating bus pro- 
tective setup and the third was 
caused by vibration from construc- 
tion on an adjacent panel. 

Dey s fais ous Failure of bushing current transformers. 

Dever enakers Balance circuit grounded. 

Wicacenaces Auxiliary relay failure. 

Sinheteece Faulty insulation of fault busses. 
Other cases of this are mentioned. 

See Minor miscellaneous causes. 

“Several’’ .. Unbalance created by d-c transients at 
the time of a fault. 
Maintenance 


Maintenance of bus protective systems 
is quite evenly divided between the 
“negligible” and “reasonable” categories. 
No reporting companies consider the 
maintenance of their present bus protec- 
tive systems as “‘heavy.” 

The usual maintenance periods re- 
ported by the various companies are as 
follows: 


3 months—reported by 3 companies with 
71 installations 

6 months—treported by 11 companies with 
480 installations 

12 months—reported by 15 companies with 
434 installations 


24 months—reported by 
157 installations 


2 companies with 


Included in the above tabulations are 
some companies with a relatively large 
number of installations which divide them 
into two categories in order of importance 
and provide maintenance accordingly. 

A 6- and 12-month interval is so used 
by three companies with 227 installations. 
Two companies with 277 installations use 
12- and 24-month maintenance periods. 

Four companies reporting 287 instal- 
lations provide some or all of these in- 
stallations with instruments on which the 
condition of the balance is read three 
times daily. 

Several companies provide tripping 
tests and/or inspections at intervals be- 
tween the normal maintenance periods 
given above. 


Design Features 


A number of specific questions were 
asked in reference to the three main pro- 
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tective systems, intended to promote a 
discussion of certain features fundamental 
in their designs, and the following dis- 
cussion has been prepared from the re- 
plies. Outlines are also included of 
special bus protective schemes which are 
believed to be of general interest. 


DIFFERENTIAL BuS PROTECTION 


(a) Current Transformer Considera- 
tions. The highest ratio of fault current 
to current-transformer rating varies con- 
siderably and attains the remarkably high 
value of 126 to 1. The conservative limit 
of 10 to 1 or less is used by five companies 
reporting 316 installations. The most 
commonly used limits are within the 
range of 11 to 20 to 1. Twelve companies 
report 300 installations in this group. 
The 21 to 30 to 1 class has a substantial 
representation consisting of 138 instal- 
lations reported by seven companies. 

Higher limits are used by three com- 
panies reporting 66 installations which are 
probably permissible because of special 
conditions. Aconservative trend is clearly 
indicated by a consideration of proposed 
installations. These show that the limit- 
ing ratios will be lowered by five com- 
panies and raised by one and will exceed 
20 to 1 in one case only. 

Hight companies reporting 264 instal- 
lations include an accuracy limitation in 
current-transformer specifications. Clas- 
sification of these is difficult since most of 
the specifications are not complete and 
lack agreement. The limits range from 
0.5 per cent to ten per cent at ten times 
rating. 

Nineteen companies reporting 546 in- 
stallations use standard transformers with 
commercial accuracies. However, a grow- 
ing consciousness of the accuracy factor 
is apparent as three of the latter com- 
panies now include some specification of 
accuracy in proposed installations. 

Opinion favors the independent ground- 
ing of current transformers. Eighteen 
companies reporting 307 installations fol- 
low this practice. Seven companies re- 
porting 394 installations use a common 
ground, generally located at the relay 
panel and providing a convenient point 
to megger the relaying circuits. 

One company reporting 179 installa- 
tions uses a single ground for all installa- 
tions except those on 4.8-kv busses which 
use independently grounded current 
transformers. Of particular interest is 
the fact that these ground connections, 
im recent practice, are made up of a 
300-ohm resistor with a parallel gap. 
This reduces the hazard of a false opera- 
tion if the circuit is accidentally grounded 
and at the same time is believed to afford 
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adequate safety to personnel and equip- 
ment. 

With a single exception no inclination — 
to change existing practice is indicated 
in the proposed installations. 

A relatively even division of opinion 
exists on the permissibility of utilizing 
current transformers of different ratios 
equated by autotransformers with 14 
companies reporting 288 installations 
subscribing to this practice and 12 com- 
panies reporting 523 installations avoid- 
ing it. Of the latter, two companies use 
balancing transformers if a transformer 
bank is included in the protection. Bal- 
ancing transformers are all of the auto- 
transformer type with the exception of 
those used by three companies who prefer 
the tapped two-winding type. 


It is evident that balancing transform- 
ers should preferably be avoided when- 
ever possible, but sufficient evidence ex- 
ists to indicate that it is perfectly feasible 
to use them if the situation requires. 

If protection against ground faults only 
is provided existing current transformers 
are generally used according to reports 
from nine companies with 175 installa- 
tions. Separate current transformers are 
used by three companies reporting 11 in- 
stallations. Both types are used by one 
company reporting 9 installations. 

The preference is decidedly for the 
common neutral return where existing 
current transformers are used. This is 
the practice of six companies reporting | 
155 installations as compared to three 
companies reporting 20 installations, 
which make use of insulating current 
transformers in the individual neutral 
circuits. No nonmagnetic conduit is 
used in any installation. 


Proposed installations of this type 
favor the use of existing current trans- 
formers and are quite evenly divided be- 
tween insulating current transformers and 
the use of the common neutral return. 

A very general freedom from open- 
circuit current-transformer troubles is in- 
dicated by the fact that 19 companies re- 
porting 464 installations find it unneces- 
sary to make any provision to check for 
this condition, except by reading the 
various currents at the time of the peri- 
odic relay check. 

Three companies reporting 124 instal- 
lations make use of fault detectors in 
series with the differential relay. This 
permits of an alarm indication in case the 
differential relay alone should operate due 
to an open current transformer. 

Three companies reporting 197 instal- 
lations use one-ampere ammeters in the 
neutral circuits which are read three times 
daily. A similar check is made by one 
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ompany using the harmonic-restraint 
type of relay by means of a low-reading 
high-resistance a-c voltmeter connected 
across the internal current transformer 
of the relay. 

Twenty companies reporting 640 instal- 
Jations test for a short-circuited condi- 
tion in the current transformers at the 


time of the relay check, usually annually. 


The procedure is divided between the 
companies which read load current values 
in the various branches of the differential 
circuit and the companies which apply 


an external voltage to determine the im- 
pedance of the circuit. 


One company reporting 110 installa- 
tions applies to the relay daily a potential 
which is too low to cause it to trip. The 
value of the resulting current will deter- 
mine an open- or short-circuited condition. 
Another company reporting 11 installa- 
tions makes a monthly tripping test with 
a small transformer just adequate to trip 
the relay under normal conditions. 

Five companies reporting 51 installa- 
tions make no check for short circuits fol- 
lowing initial installation. 

(b) Differential Relays. Phase differen- 
tial relays are usually set above maximum 
load current of any circuit, according to 
13 companies reporting 531 installations, 
and settings range as high as three times 
this value. Seven companies reporting 
63 installations set phase relays below 
maximum load values. 

In the case of neutral relays, the situa- 
tion is reversed with 2 companies report- 
ing 17 installations with settings above 
the maximum load and 11 companies 
reporting 413 installations using settings 
below this value. 

Considering both neutral and phase 
relays which are set below maximum load 
values, 12 companies reporting 343 in- 
stallations find it unnecessary to make 
any provision to prevent tripping due to 
accidental opening of a current trans- 
former. On the other hand, six companies 
reporting 98 installations use fault detec- 
tors in series with differential relays to 
prevent the occurrence of faulty trippings 
on this account, and one company uses 
percentage differential relays for the same 
purpose. 

Both schools of thought find results 
satisfactory since the majority of the pro- 
posed installations involve no change in 
practice. 

Percentage differential relays are em- 
ployed in 107 installations reported by 
13 companies. Considerable diversity 
of opinion exists as to the most desirable 
grouping of current transformers. 

Four companies reporting 77 installa- 
tions group sources to one winding of the 
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relay and loads to the other. This num- 
ber includes the largest user of percentage 
differential relays for bus protection, a 
company with 66 installations. Similarly 
two companies with 7 installations use 
three-winding differential relays and 
group sources to one winding, loads to 
another, and bus ties to the third. 

Two companies with 11 installations 
connect the principal source or sources to 
one winding and other sources and loads 
to the second. One company with 4 in- 
stallations groups both sources and loads 
to each winding. Three companies with 
5 installations include transformer banks 
in the differential protection and naturally 
group current transformers according to 
potential of the bank windings. 

(c) Prevention of Relay Operation on 
Transients. Eleven companies reporting 
483 installations make no intentional pro- 
vision to prevent operation of the differen- 
tial relay on through faults due to transi- 
ents set up in the differential circuits by 
iron saturation in the current transform- 
ers. It is of interest to note that all of 
this group with the exception of two com- 
panies reporting 238 installations make 
use of induction relays which inherently 
iritroduce some time delay. 


The largest user of instantaneous relays 
for bus protection, reporting 182 instal- 
lations, keeps the ratio of fault current 
to current transformer rating within the 
conservative limits of ten to one. This 
should be of considerable assistance in 
providing for an iron-saturating transient. 
The remaining 16 reporting companies 
make provision for this factor in a number 
of ways. 

Ten companies provide time delay in 
one form or another. Three companies 
use high relay settings while three com- 
panies provide high capacity or special 
transformers. Transient shunts are in 
use by one company and the harmonic 
restraint type of relay is installed for this 
purpose by another. 

(d) Effect of Abnormal Setups on Pro- 
tective System. As to means provided to 
maintain the effectiveness of bus protec- 
tion when the ‘‘normal’’ circuit setup is 
temporarily changed, practice is evenly 
divided on the need for such protection. 
Fifteen companies report 362 installations 
with no provision for this eventuality. 
Comments from this class indicate that 
many remove entire groups of equipment 
from service for maintenance and others 
include current transformers from all 
possible connections. Other companies 
operate with inadequate protection if the 
weather is favorable. 

Hight companies reporting 187 instal- 
lations follow the practice of opening the 
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trip circuit of the differential relay manu- 
ally in case of an abnormal setup. 

A small group of three companies re- 
porting the substantial number of 249 
installations use auxiliary switches on 
disconnecting switches which operate to 
open the trip circuit of the differential re- 
lay in case the normal switching setup is 
disturbed. In some cases one company 
switches current circuits to rebalance the 
protective system for the abnormal setup. 

An interesting treatment of this prob- 
lem is provided at one high-capacity 
generating station. Ten generator and 
step-up bank units feed into the 110-kv 
bus. Considerable flexibility is required 
for various combinations of units and out- 
going lines. Each section of the double 
bus system is split into independent sec- 
tions of variable lengths. To provide 
protection for these varying numbers of 
busses, the currents of all units and out- 
going lines are combined through a differ- 
ential overcurrent relay. The operation 
of this relay applies potential to a trip- 
ping bus. The individual switches on the 
incoming and outgoing feeds are then 
tripped by the individual phase and 
ground fault detectors with the potential 
from the tripping bus, thus making the 
protection independent of any possible 
grouping of circuits. An operation of the 
differential relay alone provides an alarm. 


FAULT Bus PROTECTION 


Most of the existing installations were 
built integral with the station. Eight 
companies so report 75 installations. 
Four companies report 35 installations 
added later. Three companies with a 
large group of 70 installations specify both 
categories without providing a detailed 
breakdown of the installations. 


The preponderance of fault bus instal- 
lations with special insulation is note- 
worthy. Four companies report 98 indoor 
installations and two companies report 
26 outdoor installations with special imsu- 
lation. Two companies report 8 metal- 
clad installations which naturally fall in 
this group. Natural concrete insulation 
is used by three companies reporting 45 
indoor installations and two companies 
reporting 5 outdoor installations. 

The importance of adequate insulation 
for satisfactory fault bus operation is ob- 
vious. In one case a group of 4 installa- 
tions was discontinued and another group 
of 12 installations reinsulated after a 
series of faulty operations due to inade- 
quate insulation. 

Practically all installations are tested 
initially with various high voltage and 
current values. Seven companies report 
165 installations which are checked for in- 
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sulation in periods varying from four 
months to two years. Where the insula- 
tion is high a high-voltage test is made 
and where it is relatively low a check of 
the current through the relay is made and 
compared with the total supplied at the 
test point. Two companies reporting 20 
installations make no regular insulation 
tests. 

In all cases the setting of the relays is 
based on the minimum anticipated fault 
current, together with a desirable factor 
of safety. In some installations using 
natural concrete insulation it has been 
found necessary to determine the percent- 
age of fault current which appears at the 
relay for the various faults. 

For similar reasons it has been found 
necessary at times to determine the maxi- 
mum stray currents flowing through a re- 
lay for faults in adjacent sections in order 
to provide a setting in excess of this value. 

Although two cases of faulty operation 
have been experienced due to accidental 
contact of low-voltage circuits, in general, 
this eventuality is not considered to be a 
- serious hazard and no provision is made 
for preventing relay operation under this 
condition. 

As a whole, experience with fault bus 
installations is considered satisfactory and 
further applications are in order for the 
reporting companies. 

This approval is qualified for one group 
of 4 installations which were decommis- 
sioned because of inadequate natural con- 
crete insulation. Another group of 12 
installations was reinsulated after a series 
of faulty operations and are now sched- 
uled to be changed over to a combined 
differential and fault bus scheme. It is 
thought that future installations would 
be of this order. 

A number of companies experienced in- 
sulation difficulties with initial installa- 
tions of the fault bus system, but felt that 
the condition was now satisfactory and 
that additional installations are in order. 


PARTIAL DIFFERENTIAL PROTECTION 


Where distance relays are utilized, 
these are of the impedance type,employing 
wye-connected currents and _ phase-to- 
phase voltages for protection against 
phase faults or phase-to-neutral voltages 
for protection against ground faults. 

Fault detectors are used in practically 
all installations. These consist of in- 
stantaneous overcurrent phase or ground 
relays, residual-voltage relays, and poly- 
phase directional or directional ground 
relays polarized by station neutral cur- 
rent. 

No especial difficulty is apparently 
experienced in providing an adequate 
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safety factor in the settings of the im- 
pedance relays if arcs of reasonable lengths 
are considered. 


SPECIAL Bus PROTECTIVE SCHEMES 


Two companies propose to install bus 
protection by a scheme based upon the 
“directional comparison” method of pilot 
protection of lines. The scheme provides 
a directional ground relay on every bus 
tie and feeder and an overcurrent relay 
in the neutral of the generator. The trip- 
ping is initiated by the operation of the 
neutral overcurrent relay and the trip 
circuit is routed in series through the front 
contacts of all directional relays on in- 
coming circuits and the back contacts of 
all directional relays on outgoing circuits. 

If the outgoing circuits have no source 
of ground current backfeed, overcurrent 
relays may be substituted for directional 
relays. 

One company reports seven installa- 
tions in which both incoming and out- 
going circuits from the bus are provided 
with impedance relays. The incoming 
impedance relays are provided with a 
slight time delay and can be kept from 
functioning to trip all incoming circuits 
by the operation of the instantaneous 
impedance relays on the outgoing circuits. 


GENERAL CONSIDERATIONS 


(a) Hazards of Inadvertent Relay Opera- 
tion. Twenty-nine reporting companies 
believe that the advantages to be ob- 
tained from bus protection are adequate 
to justify the hazard of an incorrect opera- 
tion. Two companies feel that no possi- 
bility of load loss should be incurred. 

A large majority of existing installa- 
tions are arranged to trip on the operation 
of any differential relay alone. This 
group includes 850 installations reported 
by 23 companies. Ten companies report 
65 proposed installations in this classi- 
fication. 

Ten companies reporting 288 existing 
installations require or favor the use of 
some checking device such as a fault 
detector which must operate in addition 
to the differential relay before tripping 
can be accomplished. Twenty-three 
proposed installations reported by four 
companies will likely be in accordance 
with this policy. 

One installation on an important 230- 
kv application makes use of two com- 
pletely separate sets of differential pro- 
tective equipment, including the current 
transformers. Both sets of relays must 
function to clear the bus. Either set 
operating alone will provide an alarm 
only. 

The requirement of this safeguard ap- 


Bus Protection 


pears universal with the partial differen- 
tial type of installations. 

A preponderance of existing and pro- 
posed installations favor the use of a _ 
single multicontact relay for tripping as 
opposed to the use of a separate auxiliary 
relay for each switch tripped. Twenty 
companies report 757 installations follow- 
ing this practice while 11 companies re- 
porting 437 installations use a number of 
auxiliary trip relays. Among some of 
these latter companies it is evident that — 
the consideration involved was not a mat- 
ter of principle, but the fact that a pre- 
ferred type of auxiliary relay did not have 
a sufficient number of contacts in a single 
unit. 

(b) Supervision of Trip Circuit. About 
one-half of the companies reporting on 
about two-thirds of the installations use 
supervision of the tripping circuit through 
the differential relay and the remainder 
do not. It is probable that many of the 
latter did not consider the supervision of 
the trip circuit of the oil switch alone as 
belonging to this classification and it 
is certain that a considerable number of 
the former group did include these cases. 

Several companies use complete super- 
vision of the differential trip circuit if it 
is routed through a number of relays or 
through interlocks on disconnecting 
switches. 

(c) Equipment Tripped and Locked Out. 
The common practice is to trip all 
switches on the bus, as 25 companies so 
report 895 installations. Six companies 
reporting 107 installations trip all feeds 
to the bus only. Two companies report- 
ing 22 installations trip only the major 
feeds to a bus. 

One company reporting 13 cases of 
partial differential protection for ground 
faults trips only the sources of ground 
current feed to the bus. 

The last three companies referred to 
also report 220 installations which were in- 
cluded in the first group with all switches 
to be tripped. 


Breaker closing circuits are not gen- 
erally locked out by the operation of dif- 
ferential relays. Twenty-four companies 
with 796 installations report against this 
practice. However, out of this group, 
eight companies with 407 installations 
use hand reset auxiliary relays and since 
relays of this type are commonly used in 
oil-switch control practice, it is probable 
that many other similar cases were not 
considered within the scope of the ques- 
tion. 


Six companies reporting 107 installa- 
tions follow the practice of locking out the 
breaker closing circuit with a differential 
relay operation. Three companies allow 
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ne or two reclosures at automatic sub- 
st tions so equipped prior to lockout. _ 
_ (d) Hazards of Interconnected Current 
Transformers. The necessary intercon- 
iection of current transformers usually 
involved in any bus protective scheme is 
not considered a hazard by 20 companies 
reporting 839 installations. 

) Nine companies reporting 341 installa- 
tions believe such a hazard exists, but that 
itmay bemitigated with insulating current 
transformers in the opinion of five com- 
panies with 139 installations and by sepa- 
rate current transformers according to two 
companies reporting 186 installations. 

The danger referred to consists of an 
accidental contact of the balance circuit 
with high voltage and the possibility of 
false tripping incurred in the testing of 
the interconnected equipment. Several 
companies believe the hazards will exist 
in any case. 

Twenty companies reporting 883 instal- 
lations use independent current trans- 
formers for bus protection. Twelve com- 
panies report 133 installations where cur- 
rent transformers are used in common 
with other equipment. Three companies 
report 196 installations in both categories. 

(e) Backup Protection. Backup bus 
protection is universally favored where 
full differential protection is not war- 
ranted. Twenty-eight companies report- 
ing 1,011 installations are in favor of this 
practice while three companies with 52 
installations do not follow it. 

Opinion is evenly divided on the de- 
sirability of using backup protection in 
addition to full differential or fault bus 
protection. Sixteen companies reporting 
500 installations follow this practice while 
12 companies reporting 420 installations 
donot. Five companies report 285 instal- 
lations in both categories. 


Conclusions 


From the factual data and discussion 
presented, the following conclusions may 
be drawn. 


J. There is conclusive evidence that oper- 
ating companies have generally accepted the 
idea of providing some type of protection 
for busses in installations of major impor- 
tance. 


2. Adequate bus protection can be ob- 
tained by any of the three major methods 
described. 


3. Maintenance of bus differential relay 
systems is in general no different from that 
of other protective relay systems. 


4. While complete current differential 
protection is predominantly the favored 
method, a number of apparently successful 
protective schemes have been developed 
which are applicable to old installations, 
and which avoid the excessive expenditures 
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which would otherwise be required for com- 
plete current differential protection, 


5. The considerable number of installa- 
tions of fault bus protection reported, par- 
ticularly as applied to existing installations, 
contradicts the general belief that this 
method of protection is limited to special 
cases specifically designed for the purpose. 


6. While considerable complexity has been 
introduced into the protective scheme in 
certain cases in order to prevent inadvertent 
tripping of the bus, there is considerable 
opinion to the effect that such refinements 
are unnecessary. 


7. While opinion favors the use of separate 
current transformers for bus differential 
protection, it is apparent that current trans- 
formers in common with other equipment 
can be successfully used. 


8. When instantaneous or high-speed dif- 
ferential relays are employed, special care 
should be taken to prevent the operation of 
the relays due to transients. 


Discussion 


E. H. Bancker (General Electric Company, 
Schenectady, N. Y.): While the factual data 
are interesting in indicating what is in use 
and in showing that there is a considerable 
amount of bus relaying in existence, it 
should be borne in mind that not everything 
being done is what should be done in the 
future. A tire worn to the cords may never 
have blown out before but if used long 
enough it will. To illustrate, take the prac- 
tice of grounding differential-current-trans- 
former secondaries at all current trans- 
formers versus at one point only. Safety 
rules may make the multiple grounds de- 
sirable but freedom from falsely tripping a 
bus from potential gradients around the 
station dictate a single ground. It may be 
years before a case of false tripping appears, 
but it is quite probable that in most in- 
stances the single ground was selected by 
those companies using it because multiple 
grounds gave trouble. Just one case of 
trouble will change the practice of the 
company having it. So it is with some of 
the other procedures in which there seems a 
diversity of practice. Hence in utilizing 
this report it is highly desirable to apply 
some intelligent sifting process to determine 
which of several courses is the better. 


W. K. Sonnemann (Westinghouse Electric 
and Manufacturing Company, Newark, 
N. J.): This report presents an interesting 
résumé of design, application, and operating 
data on the three principal means for ob- 
taining bus protection at the present. 

The report indicates that a great deal of 
thought has been spent on the problem from 
the standpoint that, in most cases, each bus 
presents its own particular problem. This 
is true because of the great variety of fac- 
tors present, and we believe that it will 
continue to be so for some time to come. 

The operating records shown are some- 
what disappointing in that they indicate a 
rather high percentage of incorrect opera- 
tions. However, if we deduct those false 
operations attributed to incorrect wiring, 
errors in testing, improper application, and 
the like, all of which should tend to disap- 
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pear from the picture as experience is gained, 
the record looks more favorable. 

The problem of the adverse effects of d-c 
transients is one which has not always been 
thoroughly appreciated in the past, but 
which is now receiving increasing attention. 
“Several” false operations are attributed 
to d-c transients, and it is quite probable 
that the most of these were associated with 
the generating station busses, approximately 
30 per cent of the total installations. The 
solutions presented in the’ paper are in- 
teresting and represent solutions designed 
to fulfill particular operating conditions and 
protection requirements. Where  high- 
speed operation is desired, the solution of 
introducing time delay is not possible, of 
course. In sucha case, the proper co-ordina- 
tion of current transformer performance to- 
gether with the relays applied must be given 
the most careful consideration. It is felt 
that much is yet to be learned where time 
of relay operation of from one to three cycles 
is desired. 


G. B. Dodds (Duquesne Light Company, 
Pittsburgh, Pa.): This paper contains a 
wealth of information on present practices 
regarding bus differential installations and 
several interesting conclusions can be drawn 
from it. 

With respect to the ages of the type A 
differential installations which the report 
lists as having been in use for 11 years, it 
is wondered if a mistake has not been made 
in the length of time and that it possibly 
should be 21 years instead. It is known that 
in the company with which the writer is 
associated, bus differential installations were 
in use as early as 1924 and it is possible that 
other companies had them in even earlier. 

In regard to the number and causes of 
incorrect operations, it is felt that the num- 
ber as given does not constitute a bad record 
considering the number of installations in 
service and the length of time they have 
been in service, even taking into considera- 
tion that it is known that the number is in- 
accurate and probably should be increased. 

Consideration of the causes reveals that 
a number of them could have been pre- 
vented by more thorough checking after in- 
stallation and others by better maintenance. 
The record of performance for the ensuing 
years should be better than the past because 
of increased attention being given to this 
type of installation and interchange of ideas 
as provided by this paper. 

It is interesting to note the diversity of 
design features used by the different com- 
panies and also that each company seems to 
be well satisfied with its own methods of 
installation. In other words, they have been 
able to solve the problems that have arisen 
in a manner that is suitable to them. 


J. H. Neher: While relay engineers are 
agreed that from a protection standpoint 
some form of bus protection should be ap- 
plied to all busses of major importance, 
nevertheless the relative infrequency of 
faults on protected busses requires serious 
consideration in connection with the eco- 
nomic justification of any such installation. 

Based upon the data obtained from the 
questionnaire which represents the ex- 
perience of a probable minimum of 5,000 
bus-section years of operation of bus pro- 
tective systems, only one out of every 31/9 
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Study of the Performance of the 3,600- 


Horsepower New Haven Electric 


Locomotives 


By FELIX KONN 


MEMBER AIEE 


N June 1938, the New York, New 

Haven and Hartford Railroad placed 
in operation six new 3,600-horsepower 
a-c d-c passenger locomotives of the 
same general type as the ten 2,800-horse- 
power engines which were put in service 
in 1931, but incorporating numerous im- 
proved features to give considerably 
increased performance to meet the more 
exacting demands of modern high-speed 
transportation. 

Motive power equipment, for the elec- 
trified main-line service of the New 
Haven Railroad, presents many prob- 
lems, decidedly different from any other 
metropolitan district railroad electrifica- 
tion in this country, which are of in- 
terest to the design and to the applica- 
tion engineer. It is the purpose of this 
paper to point out the special require- 
ments that had to be met, to give a brief 
description of the locomotive and of its 
equipment and to show by records of 
service tests how the engines are applied. 


New Haven Requirements 


The new locomotives were designed 
primarily for operation in the New 
Haven’s normal express passenger serv- 


F.H. CRATON 


MEMBER AIEE 


ice, as represented by a maximum 
duty of 1,200 tons trailing (15 80-ton 
Pullman cars) between Grand Central 
Terminal or Pennsylvania Station, in 
New York City, and New Haven, Conn., 
with three intermediate stops. 


A-C D-C OPERATION 


From Grand Central to Woodlawn 
Junction, about 12 miles, operation is 
over the New York Central’s 660-volt 
d-c third-rail system. From Woodlawn 
to New Haven (60 miles), power is sup- 
plied from an 11,000-volt single-phase 
overhead contact system. Trains are 
operated also from Pennsylvania Station 
to New Haven (75 miles) over the Hell 
Gate Bridge route, operating on an 
11,000-volt single-phase supply through- 
out. The requirement of third-rail opera- 
tion necessarily complicated the equip- 
ment as combination a-c d-c units had to 
be provided. 


Paper number 39-21, recommended by the AIEE 
committee on transportation, and presented at the 
AIEE winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript submitted 
October 28, 1938; made available for preprinting 
December 12, 1938. 


FeLitx Kownn is a designing engineer in the trans- 
portation department of the General Electric Com- 
pany at Erie, Pa.; F. H. Craton is a commercial 
engineer in the same department. 


reported installations has experienced an 
operation and 22 per cent of these have been 
incorrect. 

Messrs. Sonneman and Dodds have com- 
mented on this operating record which would 
seem to be very disappointing. As they 
have pointed out, in a large number of 
cases the reasons given for incorrect opera- 
tions are such that if proper care had been 
taken in making and maintaining the instal- 
lations, these operations would not have oc- 
curred. 

In regard to the matter of incorrect opera- 
tion due to transients, it must be realized 
that the present intense interest in such 
matters is only a little over a year old, and 
was just starting at the time that the 
questionnaire was circulated. It is reason- 
able to assume therefore that when fuller 
knowledge is available in this respect, a 
number of changes will have to be made in 
existing installations of bus protection, 
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Mr. Dodds has questioned the figures 
given for ages of the various types of pro- 
tective systems. We wish to point out that 
the word ‘‘average”’ was unintentionally omit- 
ted in this connection. The figures given 
represent average ages computed on the 
assumption that all installations of the same 
type reported by any company were in 
service at the earliest date reported, 

Mr. Bancker’s point in respect to the use 
of multigrounded current transformers is 
well taken and although no incorrect opera- 
tions were reported as a result of this, never- 
theless it seems that this practice should be 
avoided. 

In conclusion we wish to express our 
thanks to the engineers of the 34 reporting 
companies who filled out the rather long 
questionnaire and particularly to Mr. Tesar 
of the Cleveland Illuminating Company who 
examined the returns and compiled the data 
on which this report has been based. 
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AXLE LOADING RESTRICTIONS 


The Park Avenue Viaduct in New 
York City presents another problem 
in the design of New Haven locomotives. 
This structure has specially restrictive 
loading limitations which could not be 
exceeded. 


SPEED RESTRICTIONS 


Numerous speed restrictions which are 
necessitated by junctions, drawbridges, 
and curves, make the demands upon the 
equipment more than ordinarily severe 
by requiring many accelerations. An 
examination of the speed charts for ex- 
press service between Pennsylvania Sta- 
tion and New Haven, included in this 
paper, shows the saw-tooth nature of the 
resulting operation. 


GRADE OPERATION 


From a grade standpoint, the Hell 
Gate Bridge route to the Pennsylvania 
Station is more severe than the run over 
the New York Central tracks to the 
Grand Central Station. On the east- 
bound run over this route the road climbs 
from 75 feet below sea level in the East 
River Tunnel to 150 feet above sea level 
over Hell Gate Bridge within a distance 
of 5.6 miles, equivalent to an average 
grade of 0.76 per cent and with a maxi- 
mum grade of 1.50 per cent. Westbound 
over Hell Gate, there is a uniform average 
grade of 1.18 per cent for two miles. 


SEASONAL VARIATIONS 


The New Haven’s passenger traffic is 
markedly affected by seasonal conditions. 
During July and August, week-end travel 
to the summer colonies on Long Island 
Sound puts heavy demands on the local 
service between New Haven and New 
York, while at the same time through 
traffic is boosted greatly by the vacation 
movements to New England. 


New Locomotives 


It will be realized, from these special 
conditions of the New Haven system, 
that the new locomotives had to be suit- 
able for: 


Severe normal duty 

Still higher seasonal peak duty 
A-c d-c operation 

Limited axle loading 


To meet these conflicting requirements, 
it was imperative that advantage be 
taken of every possible increase in ma- 
terial utilization to realize the maximum 
performance possibility of the locomotive. 
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PERFORMANCE Capacity handle infrequent peaks, is unquestion- Conrrot or 


Whereas the continuous capacity of 
the new locomotives is only 800 horse- 
power greater than that of the 0351-0360 
engines, their peak output of 7,600 horse- 
power exceeds by 2,800 horsepower the 
corresponding figure for these earlier 
engines. 

This considerable increase in peak 
performance capitalizes this most im- 
portant asset of electric locomotives in 
general: their ability to draw abundant 
energy from the external power supply 
and transform it into excess performance 
by virtue of their overload capacity. 
This permits handling loads in excess of 
normal, on certain trains, without altera- 
tion of schedule time and, within limits, 
without detracting from the life of the 
equipment. 

Because of this intermittent character 
of the maximum service, a locomotive 
designed specifically to handle the peak 
load continuously would be larger, and 
more expensive than warranted. On 
the other hand, to assign locomotives 
continuously to duty demanding more 
than their normally rated capacity is a 
questionable application, although it is 
being done deliberately in some cases 
with older equipments and with apparent 
success. However, to take advantage of 
the overload capacity of a locomotive to 
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Figure 2. Surplus power available for rapid 
acceleration 
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ably justified and allows realization of 
the maximum usefulness of a given loco- 
motive. 

The overload capacity of these electric 
locomotives is also normally used in 
everyday service to maintain high sched- 
ule speeds by quickly accelerating the 
train to the maximum permissible speed 
after slowdowns. 

This is brought out in figure 2 which 
compares the maximum performance 
characteristic of these new engines with 
that corresponding to 3,600-horsepower 
axle output. The shaded area, repre- 
senting extra capacity made available 
to the electric locomotive by the external 
power supply, will increase two- to three- 
fold the rate at which the train will be 
brought back to top speed, thereby pro- 
curing faster service and a better utiliza- 
tion of the track capacity. 


HEATING AND COMMUTATING CAPACITY 


The ability of the generating, trans- 
mission, and contact system to supply 
the surplus power required for peak per- 
formance, must be matched by the 
ability of the locomotive equipment to 
transform it efficiently and reliably into 
mechanical energy. To this end, ade- 
quate heating capacity has been provided 
in all parts of the electrical equipment. 
Also, ample commutating capacity has 
been built into the traction motors so 
that they can transmit these high out- 
puts without excessive duty on the com- 
mutators and on the brushes. In fact, 
the consideration of commutation in- 
fluences the design and determines the 
size of the traction motors to a far greater 
extent than the heating capacity re- 
quirement, because the commutating 
capacity is largely determined by the 
fundamental constants of the motor, 
while the heating capacity can be in- 
creased by the use of more ventilating 
air. Thus, conservative commutating 
conditions can only be secured by con- 
servative design constants and the six 
twin-armature 12-pole traction motors 
with which these locomotives are equipped, 
are especially favored in this respect. 
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COMMUTATING PERFORMANCE 


With the basis thus laid for safe com- 
mutating conditions, special attention 
was given to obtaining an accurate con- 
trol of the traction motor commutation 
throughout the entire load range. 

Reduced exciting field strength is used 
in the new locomotives to minimize the 
sparking at starting, up to approximately 
ten miles per hour, at which speed the 
exciting field shunt is disconnected by 
the action of a phase-angle type relay. 

Two commutating field settings are 
available in the new locomotives as in 
the earlier 0351-0360 units, but a new 
connection of a phase-angle type relay 
was developed to control the changeover 
from the low-speed to the high-speed 
commutation setting. The performance 
of this relay is truly matched to the motor. 
It ignores such variables as line voltage 
and wheel diameter and its internal char- 
acteristics insure that the change in 
commutating field connection is deter- © 
mined solely by the two factors, current 
and speed, which together determine the 
commutating condition, thereby result- 
ing in the minimum commutator and 
brush maintenance. 

To further insure as complete a con- 
trol of commutation as possible, three 
indicating lights are provided, which 
light up in sequence as the various field 
contactors function and thus furnish the 
operating crew with a continuous check 
on the correct performance of the motor 
control equipment (figure 3). 

Finally, periodic inspections and grad- 
ings established by the appearance of the 
commutators provide a timely warning 
in case some abnormal conditions might 
tend to increase the commutation duty. 


VENTILATION 


With the size of the traction motors 
largely determined by considerations of 
commutation, the amount of ventilating 
air was fixed by the requirement of meet- 
ing the 3,600-horsepower continuous rat- 
ing of the locomotive and this, in turn, 
determined the pressure available for the 
ventilation of other parts of the equip- 
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having several observers take readings form, in the “minute-by-minute’’ rec- 
every minute (or as frequently as was ords. These records can be _ taken 
necessary) of speed, motor current, line directly by one observer, who reads motor 
voltage, controller notch, location, kilo- current and speed every minute, on the 
watt-hours, etc. In addition, a con- minute, or can be plotted from the con- 
tinuous graphic record was taken of the tinuous records if such have been ob- 


motor current, which was used through- tained. Each double reading is trans- 
cribed as a speed-tractive effort point, 
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= tive tractive effort available at the wheels. | which takes its place in the locomotive 
a 7 . . . . . 

SQNSNQy This is equivalent to using the series- performance range. 
oa ieee excited traction motors as dynamometers, The interesting feature of these records 
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thus procuring with hardly any prepara- is that each little dot has the same weight 
tion an accurate record of the locomotive as any other little dot, in so far as the time 
tractive performance. element is concerned and any grouping of 

Since the train speed variations take points indicates a zone where the engine 
place gradually, it is possible to obtain a _is operated a large fraction of the time. 
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oL SSS | Low sree instrument. With these two records, ‘‘minute-by-minute’’ form are shown for 
g ee 40,000 60,000 tractive effort and speed, synchronized 
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by timing watches, the locomotive horse- 


power can be readily plotted as shown 
Ourt-of th 1 ve on the accompanying charts. 
pny eee ete ee ere The same data have been plotted ina —_ Blackened areas show use of horsepower in 


quired on the locomotive, the traction condensed, but perhaps more striking excess of continuous rating 
motors use 61 per cent and the trans- 


former, the blower motors, and the motor 


Figure 4. Continuous record, train number 


Figure 3. Operation of indicating lights 
367 with 15 cars, New Haven to Woodlawn 
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Figure 6. Minute-by-minute record of speed- 

tractive effort performance, New Haven to 

Stamford with nine intermediate stops; train 
number 367 with 15 cars 
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Figure 7. Minute-by-minute record of speed- 

tractive effort performance, New Haven to 

Pennsylvania Station* with stop at Bridgeport; 
20-car test train 


* Readings beyond Hell Gate not included 


two trains which emphasize the outstand- 
ing performance made possible by the 
overload capacity of the new locomotives 
(figures 4 to 7). 

Train No. 367 is a high-class commuter 
train, operating between New Haven and 
Grand Central Terminal, New York. 
On certain days in the summer, the 
amount of traffic makes it desirable to 
handle 15 cars against a normal of 8 to 
12 cars. This peak requirement demands 
that the locomotive be operated at the 
equivalent of 22 per cent continuous over- 
load for one hour to meet the scheduled 
time. 

Figures 4 and 6 show the records of 
such a run, illustrating the use of reserve 
horsepower and overload capacity. 
Operation of this sort is approaching the 
performance of multiple-unit car equip- 
ment, energy consumption being 60.5 
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0361-0366 Locomotives for the New York, New Haven and Hartford Railroad 


Table I. 
of hg SEAS NE an A sntin  cind hs Cy oa reread 11,000-volt a-c, 660-volt d-c high-speed passenger 
Nomenclature STS ne eek I, HE a ey We drat 2—C+C-—2 432/270, 66£A622A, 11,000 /660 volt 
Dimensions See figure 1 
Weights—pounds: 

Total—tfully loadediite septs gages das. ores pani eon) Soke eed ie see 433,200 

On ALIVELS ee te ORT eer cn ee Oh et Sirona Pee ena 272,400 

Per driving axle—aviera seis, dite ion meine etic dus stan sateen suena: 45,400 

CO Fo ath Cab han deermin oud aS: Ch, eh. tn CRG aA MMR a OA acs GM EM Sn oP PE 160,800 

Per ‘guiding axle—av erage wen nes, os eke fot even oqenssucte a a fauvts Pv omamen ite tents 40,200 

Mechanicalsparts'y rrmisnccitariaias. situa «iv ects 6) Aaa eet tien ee ae 269,400 

Blectricall equipment series nn oe cal caaeete nc cede scare 


Maximum safe speed—miles per hour.............. 
2 — C+ C — 2 wheel arrangement, cast steel trucks, 


Running \gear nti pyre yoke igeisicltoret ets 1s aries 


plain journals 


Cabsconstruction 7. ore saircdninat fete coe 
Traction motors: 


Streamlined, double end, all welded, outside truss type 


Numberiand 'typeca..a cmt, paan sas cee eens 6GEA622A twin armature 
Volts——maximttm per ‘armatures... 2... 1s o%eeisen > avid steele slat earners 300 
Miethodiot cies tecemanaticn aie imac ae oes Gear, quill and spring cup 
Gear ratio and wheel size............... .. 78/23 = 3.89; 56 inches 
Eractiveieffort at. 25 pericentiad ita. 8.1005: dabiemian pone eee 68,100 : 
Locomotive rating—continuous: A-C D-C 
‘Tractive ef ort—pownds eae. «vise a> Ore fond oe aosyaldharn ame ee D4 LOO Pe ese ete 26,900 
Speed—milesper hour... ..0..61.. 54.6 OOO aa eh hens 39.6 
ELOESE DOWEL rina, y kere hosp RT rata, aire cn occ ede ovale 3,600 2,840 
Maximum available horsepower......... ........... 7,600 5,500 
Control: 
Alternatingiclint ents mm arnt inant inane ates Electropneumatic, single unit, three circuit, single motor 
combination with 19 running notches 
Directicurren to ty miwreeaeiiiwesectkc) c.sicoele.wesrerere Electropneumatic, single unit, series-parallel with two 


running notches 


Main transformer.............. 
IVerltilations shine nite nt ete 


Forced-flow forced-cooled synthetic-liquid type 
Forced to all equipment by two combination blower- 


cleaners 


Blower motors,......... 


Two two-speed a-c, one-speed d-c commutator type, 


forced ventilated, each with overhung control generator 


G@onipressors, a-ha ene 


.. Two a-c d-c commutator type, self-ventilated, 100 cubic 


feet per minute displacement each 


Train heating equipment... . 


. .Oil-fired steam boiler 


watt-hours per ton mile for the frequent- 
stop portion of the run. It is interesting 
to note how much of the time the loco- 
motive is operating on notch 19 or the 
maximum available output curve. 

To arrive at suitable maximum tonnage 
ratings, the tests already mentioned were 
conducted. Figures 5 and 7 show the 
records of a train composed of 20 Pull- 
mans, 1,756 tons trailing, between New 
Haven and Pennsylvania Terminal, with 
one stop, Bridgeport, in either direction. 
The use of the high available capacity 
above the rating of 3,600 horsepower, as 
well as the large amount of time spent on 
notch 19 will be noted. The frequent 
slowdowns and the use of peak perform- 
ance for rapid acceleration from the 
bottom to the top speed are also evident. 

It can be seen from these records that 
the performance of this 3,600-horsepower 


engine is comparable with that of an in- 
ternal power engine of at least 5,400- 
horsepower axle output, and yet the 
average horsepower is within the loco- 
motive 3,600-horsepower continuous rat- 
ing. 

This again emphasizes the outstanding 
feature of these electric locomotives, the 
ability to make use of the overload ca- 
pacity of their electrical equipment to de- 
liver surplus performance making possible 
fast schedules which can be rigidly main- 
tained because of the margin of power 
available to take care of any abnormal 
conditions. The accompanying data are 
offered as concrete examples of these 
performance possibilities of modern elec- 
tric motive power. 


Locomotive with train 


Figure 8. 
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Discussion 

Sidney Withington (New York, New Haven 
and Hartford Railroad Company, New 
Haven, Conn.): This interesting paper 
presents the importance of qualifying elec- 
tric locomotive horsepower rating figures 
to co-ordinate them with the service to be 
performed by the equipment. The quan- 
tity given in the paper indicating a maxi- 
mum horsepower of 7,600, while undoubt- 
edly permissible on such service as that of 
| New Haven, might well be too high a 
figure in connection with service on some 
other electrified territory. 

_ The advantages in thermal capacity of the 
motors are obvious in this connection, in 
permitting short-time overloads. It is to 
‘be noted that in the overload rating of 
equipment under the circumstances de- 
scribed, the capacity not only of the main 
traction motors, but of the transformers, 
preventive coils, etc., must be taken into 
account. In this connection, a comparison 
of the characteristics of such equipment 
with the characteristics of the Diesel loco- 
motive is of interest. A Diesel engine rated 
at 3,600 horsepower would have no over- 
load capacity normally, and while the 3,600 
horsepower would be generally available 
under all conditions, it could not be exceeded 
even for short periods. It is, therefore, 
impossible to compare, without qualifica- 
tion, the ratings of such locomotives as 
those described in the paper and Diesel- 
electric equipment. 

The modern control for single-phase 
motors in providing excess voltage taps, 
permitting thus the utilization of increased 
horsepower ratings at higher speeds, is one 
of the most notable advances in the art of 
locomotive design in recent years. 


E. W. Brandenstein (General Electric Com- 
pany, Erie, Pa.): You have heard Mr. 
Konn tell us that these a-c locomotives are 
so designed, from a heating and commutat- 
ing standpoint, that they will absorb the 
huge blocks of power furnished by the trans- 
mission and distribution system. 

Now what do these overload capacities 
give us from a practical operating and eco- 
nomic standpoint? Mr. Konn has explained 
that the total number of locomotives re- 
quired for passenger service depends upon 
a few peak days throughout the year. On 
those days the train length can be increased 
from, say, 12 cars to as high as 20 cars, 
thereby taking care of a possible 60 per cent 
increase in passenger traffic. That is not 
enough to accommodate passenger peaks 
which come on football days, holidays, in- 
auguration, etc. To take care of these 
peaks, it is necessary to add many trains 
and locomotives in spite of the increase in 
train length from 12 to say 20 cars. 

Here is a real traffic overload problem. 
A 60 per cent increase in train weight, with 
the same high schedule speed, is not enough. 
How are we to take care of the additional 
trains required without increasing the total 
number of passenger engines? I will tell 
you. This overload and commutating 
capacity solves the problem for us. We 
will resort to our freight locomotive pool 
for the additional passenger engines re- 
quired. The peak freight traffic and peak 
passenger traffic do not, fortunately, come 
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on the same day. “Oh,” you will say, ‘‘you 
can’t do that. In order to do a thing like 
that you must have a universal engine, one 
that is good for slow freight and also high- 
speed passenger traffic.” That is exactly 
what this overload and commutating ca- 
pacity does for us. Let me illustrate it. 

The Pennsylvania Railroad have a group 
of 70-mile-per-hour engines which are 
purely freight locomotives. They have 


another group which are 100-mile-per-hour * 


engines that are used only in passenger 
service. There is still a third group of 90- 
mile-per-hour engines which are used in 
either freight or passenger service, depend- 
ing upon whether the traffic peak is pas- 
senger or freight. Last October, when there 
was a peak in freight service, a large number 
of these 90-mile-per-hour engines was in 
freight service. During the recent holidays, 
a high percentage of the 90-mile-per-hour 
engines was in passenger traffic. The same 
engines which were hauling 4,500 flat ton 
coal trains in October were handling the 
high-speed passenger trains in December. 
You can readily appreciate that these 90- 
mile-per-hour universal engines are re- 
sponsible for a great decrease in the total 
number of passenger and freight engines 
required. 

What does this high overload and com- 
mutating ability give us? 


1. Faster schedules. 
2. Heavier trains at these fast schedules. 
3. A universal engine. 


What does this mean from an operating 
and economic standpoint? 


1. Fewer engines. 

2. Lower capital expenditure. 

3. Lower fixed charges by virtue of the lower 
capital expenditure. 

4. Lower maintenance costs by virtue of fewer 
locomotives. 


In other words, gentlemen, I believe this 
overload capacity for this type of motive 
power is completely changing the com- 
plexion of railway electrification. 


P. H. Hatch (New York, New Haven and 
Hartford Railroad Company, New Haven, 
Conn.): One of the inherent features of 
electric equipment operating from an ex- 
ternal power supply is the ability to operate 
for short periods considerably in excess of 
continuous ratings. There is nothing new 
in this, and the immediate extent to which 
such overload operation can be carried is 
usually limited only by weight on driving 
wheels and the ability of the electrical ap- 
paratus to stand the overloading. There 
is, however, a long term factor which may 
be decidedly limiting. This is the cost of 
maintenance. If overloading is carried to 
the point where its advantages are offset 
or exceeded by cost of additional main- 
tenance, then the overload characteristic 
of electrical equipment can be a liability 
rather than an asset. 

In the paper under consideration, the 
authors describe at considerable length 
instances of short-time overloading of the 
new locomotives, but except for rather 
general paragraphs on heating and com- 
mutating capacity, very little is said about 
the effect of overloading on maintenance of 
the equipment. 

To make the story complete, it would be 
interesting to know specifically what has 
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been done to obtain high overload capacity. 
With a locomotive of fixed maximum axle 
loading, was such capacity obtained by in- 
crease in ventilation, additional iron and 
copper, by improvement in design, or by a 
combination of any of these? Was a defi- 
nite overload capacity planned on, or was 
the determination of this left for road tests 
or service experience? Has any relation- 
ship been established between overloading 
and life of apparatus, or is this, too, left for 
determination in service? 

Providing the high overload capacity is 
not seriously at the expense of maintenance, 
it unquestionably has very great possibili- 
ties in the design of electric locomotives. 
These possibilities, it is believed, warrant a 
full and complete discussion of the means 
employed to obtain such capacity. 


Felix Konn and F. H. Craton: We agree 
with Mr. Hatch that, from the standpoint of 
heating as a limitation, electrical equip- 
ment has always had overload capacity at 
speed. We wish to point out, however, 
that, in the single-phase locomotives which 
were built up to about ten years ago, full 
advantage could not be taken of this feature 
because the output of the earlier types of 
traction motors (of the resistance-lead or 
doubly-fed type) was decidedly limited by 
destructive sparking at the brushes, es- 
pecially at the higher speeds. 

To overcome this limitation, a new type 
of single-phase traction motor was de- 
veloped, offering not only very favorable 
commutating characteristics (by virtue of 
the low flux made possible by a large num- 
ber of poles), but also the possibility of con- 
trolling the commutating performance over 
a wide range of speeds and currents, es- 
pecially at high speeds and high horse- 
powers. 

As pointed out by Mr. Withington, the 
possibility of wide range control of the 
traction motor voltage which is fundamental 
in single-phase locomotives—but which had 
to be held in check with the earlier types of 
motors—found a vigorous outlet in the 
modern single-phase traction motors which 
permit the modern single-phase locomotives, 
in which full advantage has been taken of 
their inherent fitness for ‘‘overvoltage”’ 
and “overload” operation, to deliver the 
higher speeds and horsepowers demanded 
by progressive transportation. 

Mr. Brandenstein has brought to your 
attention some of the tremendous service 
advantages of these modern engines which 
operators have been quick to recognize and 
to develop. The ample horsepower re- 
serve and the inherent flexibility of this 
type of locomotive offer many more pos- 
sibilities in faster schedules with heavier 
trains and fewer locomotives and the way 
is open for further advances for still better 
and faster service to the public and the in- 
dustry. 

In emphasizing the importance of quali- 
fying electric-locomotive horsepower-rat- 
ing figures to co-ordinate them with the 
service to be performed by the equipment, 
Mr. Withington has brought out a glaring 
deficiency in our present practice of rating 
electric locomotives primarily on the basis 
of their continuous capacity. 

Undoubtedly the use of the continuous 
rating provides a very definite ‘‘yardstick” 
for one of the features which determine the 
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Continuous Processing for Automobile 


Tire Fabrics 


By G. E. CASSIDY 


NONMEMBER AIEE 


ROGRESS is evident to an unusual 

degree in the fabric-processing opera- 
tions at the new automobile-tire plant of 
the Ford Motor Company.* The fabrics 
and rubbers which are run through these 
operations to form the rubber-fabric 
structures used in building the automobile 
tire pass through processes and machinery 
which clearly reflect the continuous pro- 
duction idea developed by the automobile 
industry. The electrical equipment in 
this plant introduces ideas which make 
the drives fundamentally different from 
those in general use. f 

In these processing operations four 
types of rubber-fabric structures are pro- 
duced: (1) ply stock, the material for 
the plies in the tire, (2) breaker strip 
stock, which goes between the plies and 
the tread, (8) chafer stock, used between 
the plies and the side walls, and (4) bead 
stock, from which strips surrounding the 
beads are made. 

Fabric for the ply stock originates in a 
creel room from which 1,500 to 1,600 
separate cords are guided from spools into 
parallel positions to form a broad sheet 
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of cords without weft. Fabric for the 
breaker stock is the same as that for ply 
except that the cords are farther apart 
and the sheet, prepared at textile mills, 
is in the form of a woven fabric having a 
weft of very small threads. Fabrics for 
the chafer and bead stocks are special 
square-woven fabrics similar to duck in 
construction. From these starting points, 


Paper number 39-42, recommended by the AIEE 
committee on industrial power applications, and 
presented at the AIEE winter convention, New 
York, N. Y., January 23-27, 1939. Manuscript 
submitted November 18, 1938; made available 
for preprinting December 20, 1938. 


G. E. Cassrpy is employed by the General Electric 
Company at Schenectady, N. Y.; W. A. Mos- 
TELLER is employed by the same company at 
Detroit, Mich. 


* Because of the numerous advanced manu- 
facturing ideas which it embodies, this $5,600,000 
plant located at the Ford Motor Company’s 
Rouge Plant, Dearborn, Mich., is of exceptional 
engineering interest throughout. Operations are 
designed to keep materials moving steadily for- 
ward from the moment the bales of crude rubber 
are cut up and started on their way through 
plasticators, mixers, mills, and so on, until the 
finished tires emerge from final inspection. A 
description of the complete plant is in the India 
Rubber World, June 1, 1938. 


{ Acknowledgment is made of assistance from E. F. 
Wait, J. T. Mortley, and A. J. Walrath of the Ford 
Motor Company in the development of these drives. 


value of an electric locomotive. So many 
of the other features (such as commutating 
capacity or overload capacity) are open to 
varying interpretations that it is very com- 
forting to find in the continuous rating of an 
electric locomotive a feature which can be 
rigidly determined and which can form a 
definite basis of comparison. 

However, the continuous rating should 
be supplemented by a service rating taking 
into account the peak capacity, say, 7,600 
horsepower, of the locomotive which is 
more nearly representative of the amount 
of work which the locomotive can do than 
the continuous rating, say, of 3,600 horse- 
power. 

Mr. Hatch has asked if a definite over- 
load capacity is planned on. We will 
answer that the peak capacity of the loco- 
motive is actually the most important 
factor in the design of the locomotive and 
that this consideration far outweighs the 
continuous capacity in the design of the 
various parts of the equipment. 

To safeguard the use of the peak capacity 
in service, improvements in design and 
manufacture have been backed up by a 
careful system of checks in the testing, as- 
sembly, and servicing of these locomotives 
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to insure, as much as possible, that, year in 
and year out, these equipments will deliver 
their high outputs under the conditions 
most favorable for the life of the equipment. 

As a result of this increase in service 
capacity and of the efforts made to secure 
the best service performance, the modern 
single-phase locomotives are covering more 
and more mileage every year and with low 
maintenance cost per mile, 

Mr. Withington also brings out the dif- 
ficulty of comparing a Diesel-electric loco- 
motive and an electric locomotive, both 
of which have a continuous rating of 3,600 
horsepower measured at the driving wheels. 
The Diesel electric will deliver continuously 
3,600 horsepower at the wheels and will 
never be able to exceed this output. The 
electric locomotive we have discussed will 
deliver 3,600 horsepower at the wheels con- 
tinuously and up to 7,600 horsepower for 
short periods of time. The difference in 
accelerating performance between the two 
types of locomotive, which is illustrated in 
figure 2 of our paper, will be further em- 
phasized by the greater weight of the Die- 
sel electric locomotive which will require a 
greater part of its output for its own pro- 
pulsion. 
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these textile raw materials pass continu- 
ously through production lines and com- 
binations of machines, as indicated in 
figure 1, to emerge as the four finished 
stocks. 

From an electrical standpoint, the 
drives may be segregated into those for 
(1) main calendering operations, (2) bias- 
cutting operations in which the previously 
rubberized fabric is cut on the bias, and 
(3) slitting and coating operations in 
which some of the bias-cut material is 
slit into strips and further treated with 
rubber. The main calendering opera- 
tions present most of the electrical prob- 
lems associated with the several drives 
and these problems may, therefore, be 
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Figure 1. Diagram of sequence of processing 
operations 


In production line number 1 the parallel cords 
from the creel are dipped in liquid rubber, 
passed through a dryer, and then through a 
four-roll calender which simultaneously adds 
rubber to both sides of the sheet. The 
calendered sheet passes through a cooler and 
then, with a liner to prevent sticking, is rolled 
up on a mandrel. The roll is transferred to a 
cutter where the fabric is cut on the bias and 
sent to the tire builders. In building up the 
tire the several plies are laid with the bias in 
alternate directions 


In production line number 2 the fabrics pass 
through two calenders instead of one, the 
first calender working one side of the material 
and the second calender the other. The 
bias-cut material is spliced end-to-end on the 
splicing table. If the slit material passes 
through the final calenders a layer of rubber is 
laid on it at each calender 


This paper discusses production line number 92 
through the wind-up 
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Figure 2. Schematic diagram of the armature 
and field circuits for the main calendering 
operations 


described by considering one of the main 
calendering drives, schematically illus- 
trated in figure 2. 


Requirements of 
Main Calendering Line 


The production speed to be 5 to 35 
yards per minute with the design of the 
drive such that the top speed can be raised 
ultimately to 60 yards. Operation to 
be continuous at any speed within the 
range. While starting, stopping, and 
operating at any rate of production, posi- 
tive and automatic speed regulation to 
be maintained between machine sections. 

Equipment to be such that production 
combinations are available as follows: 
(1) material through the entire sequence 
of operations, or through this sequence 
with any one or more of the machine sec- 
tions by-passed, (2) equipment operating 
as two independent drives, one drive con- 
sisting of calender number 1 and the sec- 
tions ahead of it and the other consisting 
of calender number 2 and the sections fol- 
lowing. In this setup, also, it must be 
possible to by-pass individual sections. 

Equipment to be such that any com- 
bination of skim-coating or frictioning 
can be obtained on the calenders. By 
way of explanation, skim-coating con- 
sists of working rubber onto the surface of 
the fabric while frictioning consists of 
working rubber down into the structure 
of the fabric. The calenders have three 
equal-diameter rolls. The motor on each 
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calender drives the middle roll which in 
turn drives the two outer rolls through 
gearing. The fabric passes between the 
middle and one of the outer rolls. When 
the middle and outer rolls are geared so 
that the roll surface speeds are equal, the 
fabric, which passes through the calender 
at the roll surface speed, is skim-coated. 
When the outer rolls are geared to rotate 
slower than the middle roll, say in the 
ratio two to three, the fabric takes the 
speed of the slower outer roll and 
is frictioned. Therefore, for a given 
fabric production speed, assuming a fric- 
tioning ratio of two to three, the driving 
motor operates 50 per cent faster when 
frictioning than when skim-coating. 

Lastly, calenders to be reversible; 
quick stopping to be available during 
starting and running as a safety require- 
ment; all control operations to be mag- 
netic and to be actuated from simple 
controlling stations. 


Constant or 
Adjustable-Voltage Drives? 


Prevailing practice for calendering 
drives is to use adjustable-speed motors 
operated from a constant-voltage d-c 
plant system, frequently three-wire to 
permit doubling speed ranges by means 
of two armature voltages. 

In the present instance, the adjustable- 
voltage or Ward-Leonard system of drive 
appeared to be particularly suited to the 
requirements. The smooth, relatively 
stepless, and rapid acceleration possible 
with this form of drive, the ease with 
which it lends itself to wide ranges in pro- 
duction speeds, its effectiveness where 
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it is desired to maintain a controlled 
speed relation between separately driven 
machines, its flexibility in making the de- 
sired several combinations of the driven 
machines—all pointed to its adoption. 
In addition it offered an effective method 
of safety stopping, new to the rubber in- 
dustry, namely, regenerative braking in- 
stead of the heretofore used dynamic 
braking. 

A cost study of the two systems showed 
the adjustable-voltage system to be eco- 
nomically sound. In fact, a-c distribution 
and d-c adjustable-voltage drives proved 
less costly by an important margin than 
the common practice of d-c substation 
generation, d-c distribution, and con- 
stant-voltage drives. * 


Driving Equipment 


Most of the basic elements of the drive 
are shown in the sketch, figure 2. The 
generators are of standard shunt-wound 
construction, liberally rated and with a 
low saturation factor to enhance regen- 


* It should be noted that this statement refers to 
a new plant in which economic questions are not 
influenced by existing equipment. With a con- 
stant-voltage system already established the same 
economic balance would not necessarily hold. 

In the present instance, the cost of three-wire 
motor-generator sets, duplicated to insure con- 
tinuity of service, high-voltage a-c switchgear, 
three-wire d-c switchgear and distribution, and 
constant-voltage driving motors and control were 
compared with that of high-voltage a-c switchgear, 
step-down power transformers, low-voltage a-c 
switchgear and distribution, and adjustable-voltage 
motor-generator sets, motors, and control. <A two- 
wire constant-voltage d-c power system to take care 
of certain constant-voltage drives which would 
otherwise receive power from the main three-wire 
system was also included in the latter. No account 
was taken of possible differences in operating 
efficiency or improved production. 

It may be of interest to note that having adopted 
the adjustable-voltage system, future expansion 
continues to be economical and, because of flexi- 
bility, is easily accomplished. 
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Motor-operated generator, calen- 
der motor, and preset speed rheostats with 
multiple limit switches and interconnecting 
clutch mechanism 


Figure 3. 


erative braking and stable operation at 
low speeds. The exciter is compound 
wound and supplies all control-circuit 
power as well as excitation. 

The motors are also shunt wound. 
They are selected with due regard to the 
fact that the adjustable-voltage drive is a 
constant-torque drive while the calender- 
ing operations require somewhat increased 
torque as speed is reduced. In the pres- 
ent instance full armature voltage is at- 
tained at approximately half of full pro- 
duction speed so that the drive is constant 
horsepower from full to half production 
speed and constant torque below half 
production speed. This results in a nor- 
mal torque rating over the entire operat- 
ing range that is amply above that re- 
quired by the load. Due regard also is 
given to the relatively greater armature 
resistance of the small motors in that they 
are selected to have sufficient capacity 
to prevent them from breaking down at 
low armature voltages from this cause. 


The control equipment consists of (1) 


main control board on which are mounted 
all the control elements that are not lo- 
cated at the drives, (2) master control 
stations placed at the calenders and at 
the wind-up for co-ordinated but inde- 
pendent control of the calendering and 
wind-up operations, (3) an operations set- 
up panel, and (4) “‘gate’’-operated speed- 
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relation regulating rheostats placed be- 
tween the several sections. 

Besides the adoption of the adjustable- 
voltage system, the points of interest in 
the sketch (figure 2) are the setting up of 
the equipment for the required production 
operations, the control of production 
speed, the speed regulation between sec- 
tions, the regenerative braking, and the 
wind-up equipment. 


Figure 4. Typical main control panel. The 
relays on the bottom section control the setup 
operations of the rheostats, figure 3 


Setting-Up Operations 


To obtain the desired operating com- 
binations, power is supplied by two in- 
dependent generators. Figure 3 shows 
the two generator field rheostats with 
compound limit switches and with a 
clutching mechanism between the rheo- 
stats which permits independent or unit 
operation. Figure 4, which is typical of 
the main control panels, shows the rheo- 
stat setting-up relays. Figure 5 shows 
the master setting-up switches available 
to the operator. 

Referring to figure 5, two of the 
switches control field contactors for for- 
ward and reverse operations of the calen- 
ders. Several other switches cut indi- 
vidual sections in and out of service. 
Three switches operate in the manner 
shown on the index plate. 

Referring to the index plate, switch 
number 3 is placed in position A to oper- 
ate the two calenders and their respective 
sections independently. In this position 
switch number 3 declutches the two gen- 
erator rheostats so that they can be oper- 
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ated independently and, as explained later 
sets up the two calender motors as the 
master motors of their respective sections. 

If it is desired to operate all sections — 
together, say with skim-coating on each 
calender, switches number 1 and number 
2 are placed in position A and switch 
number 3 in position B. Under this con- 
dition, as will be recalled, the relation 
between fabric speed and calender motor 
speed for the two calenders is the same. 
The generator rheostats, therefore, auto- 
matically position themselves to give 
equal generator voltages and then clutch 
together. Calender number 1 becomes 
the master motor and calender number 2 
a following motor the same as the remain- 


Figure 5. 
The index plate on the panel gives the 
switching direction for the desired production 


Master operations set-up panel. 


operations 
Index Plate 
24" Train Switch Position 
Calender Switch | Swi'ch | Switch 
No.1 | No.2 | No.1 | No.2 | No.3 
Single | Single | AorB| AorB A 
Skim Skim A A B 
Fric Skim B A B 
Fric Fric B B B 
Skim Fric A B B 
Complete train must be shut down before 
changing switch positions. 


ing motors. All of these setting up opera- 
tions are automatically accomplished with 
the rheostat relays and rheostat limit 
switches. 

Instead of the skim-coating operation 
on both calenders assume that it is de- 
sired to skim-coat on the first calender 
and friction on the second. Under this 
condition, calender number 2 must 
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operate faster than calender number 1, in 
the ratio three to two for the frictioning 
ratio previously assumed. The generator 
rheostats, therefore, position themselves 
before clutching so that the voltage of 
generator number 2 is higher than that of 
generator number 1 in the ratio three to 
two. 


Control of Production Speed 


Starting, stopping, and speed control 
of the drive are accomplished with a stop- 
thread-run-hold master switch and a 
preset-speed rheostat, figure 6. Stopping 
may also be accomplished from several 

switches located about the driven ma- 
| chinery. 
With the master switch in the stop 
position, generator excitation is removed 
and the generator rheostats assume the 
minimum generator voltage position. 
Turning the master switch to the thread 


Figure 6. Master control desk with starting 
and stopping control stations, speed preset 
theostats, and tachometers 


position applies field to the generators 
which brings the drive to minimum speed. 
During this operation, full field is main- 
tained on all motors for a definite time to 
insure positive breakaway and starting. 
Turning the switch to the run position 
operates the generator rheostats to raise 
the generator voltages to full value and 
then to weaken the field of the master 
motor. 

The speed to which the generator rheo- 
stats bring the drive is determined by the 
setting of the preset-speed rheostat. This 
theostat has a companion rheostat of 
duplicate characteristics built into the 
generator rheostat units. The voltage 
drops across these two rheostats are 
balanced against each other and when 
they are equal, relays function to stop 
further travel of the generator rheostats. 
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Thus, if the drive is stopped or slowed 
down, it will always return to the original 
production speed as determined by the 
setting of the preset-speed rheostat when 
the master switch is again turned to the 
run position, 

At any time during the speeding up or 
slowing down of the drive, the speed can 
be maintained constant by turning the 
master switch to the hold position. 

Upon stopping, the generator rheostats 
automatically assume the minimum gen- 
erator voltage position. The rate of 
travel on the rheostats is adjustable for 
either direction. It is made fast on the 
down stroke to prevent delay in restarting 
after a stop. 


Speed Regulation 
Between Sections 


Either the motor of calender number 
1 or of calender number 2 is the master 
motor, except when the calenders are 
operating independently, in which case 
both motors are masters. Whichever mo- 
tor is the master determines the speed 
of production. Referring again to figure 
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Figure 7. Schematic diagram of typical gate 
or dancer roll for regulating motor speed 


2, it will be seen that the generator rheo- 
stats are also master motor field rheostats, 
that is, the master motor speed is first 
raised by increasing armature voltage 
with constant motor field and then further 
raised by decreasing motor field with con- 
stant armature voltage. In other words, 
the master motor must operate at the 
speed corresponding to the setting of its 
generator-motor rheostat. 

All other motors are regulated to follow 
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the speed of the master motor. This is 
accomplished by gates or dancer rolls 
which operate motor field rheostats. This 
form of regulation has been used for many 
years, particularly in the rubber and 
textile industries. It is discussed briefly 
here to show how well it works in connec- 
tion with the adjustable-voltage drive and 
particularly where such a drive is operat- 
ing in conjunction with speed control by 
motor field. 

Figure 7 schematically illustrates a 
typical gate. Within its stops, the center 
roll is free to move up and down and in 
this travel it actuates the speed control 
element, in this case the field rheostat of 
the controlled motor. If the motor de- 
livering material to the gate delivers ma- 
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Figure 8. Tabulation and curve to illustrate 
the stability of gate control 


In the tabulation, for a given yards output and 
percentage difference in speed between 
sections the figure applying gives the yards 
output for 100 per cent difference in speed. 
For example: yards output 50, speed differ- 
ence 10 per cent equals 5 yards output 100 
per cent difference. From the curve eight 
seconds are required for one foot gate travel 
at 5 yards 100 per cent difference 
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terial faster than the material leaves the 
gate the regulating roll will be lowered 
and conversely, if it delivers material 
slower, the roll will be raised. In either 
event, this motion is transmitted to the 
regulating rheostat to bring the motor 
speed to exactly that required. 

If the material to be worked has suffi- 
cient strength to permit passing through 
the gate without injury, if it will stand 
the required flexure, and if its surface 
can be permitted to come in contact with 
rolls or similar structures this form of 
regulation is one of the best. It is ex- 
tremely stable as indicated in figure 8 but 
more important its, storage capacity per- 
mits momentary differences in speeds 
of relatively large magnitude which is 
valuable during starting and stopping or 
during momentary running disturbances. 
There is also no possibility of an ac- 
cumulated speed change to cause an ac- 
cumulation or deficiency of material be- 
tween the regulated sections. 

In the present drive, the gates perform 
three functions: (1) when the drive is 
not operating above full armature voltage 
speed, they operate merely as speed regu- 
lators to hold their respective sections in 
step, (2) as the master motor speed is 
taised into the weakened field range, they 
take on the additional function of follow- 
ing up and correspondingly weakening 
the fields of their associated motors, and 
(3) when a calender is frictioning, the 
gate on its companion motor automati- 
cally strengthens the field of that motor 
to compensate for the increased armature 
voltage accompanying this operation. 

Between the two calenders there are 
two gate rheostats, one operating on each 
calender motor. The motor of calender 
number 1 is the master and the motor of 
calender number 2 is regulated to follow 
it for all operations except when friction- 
ing on calender number 1 and skim- 
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Figure 9. Typical field decay characteristics 
for 150-kw generator - 


For any armature voltage, inductance divided 
by field circuit resistance (L/R) is a measure 
of speed of field decay 
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coating on calender number 2. For this 
particular operation, the motor of cal- 
ender number 2 is made the master be- 
cause this motor is operating below maxi- 
mum generator voltage after the motor 
of calender number 1 has gone up to 
weakened field speed. The generator 
and motor field rheostats do not produce 
an operating speed strictly proportional 
to their travel. When the two rheostat 
units are offset, the differences in char- 
acteristics of the offset positions are com- 
pensated for by the gate speed-regulating 
rheostat. Wide range regulation of the 
regulated motor is more effective in the 
weakened-field range than in the arma- 
ture-voltage range and the regulated 
motor is therefore set for this condition 
by making the motor of calender number 
2 the master. 


Regenerative Braking 


Regenerative braking was adopted in- 
stead of the customary dynamic braking 
because of its greater simplicity and be- 
cause it produces as quick, if not a 
quicker, stop than by dynamic braking. 
Regenerative braking as referred to here 
consists of opening the generator field 
and simultaneously establishing a gen- 
erator field ‘‘suicide’’ circuit. Dynamic 
braking consists of opening the generator 
armature and closing the motor arma- 
tures on a resistance load. 

The simplicity of regenerative braking 
is twofold. Since the electrical devices 
are operating in field instead of armature 
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Figure 10. Typical field build-up character- 
istics for 125-horsepower motor 


circuits, they are simpler and less bulky. 
Again, as regenerative braking stops are 
so easily accomplished, all stops can be 
made regenerative braking stops and it 
is not necessary to design the controls 
for two forms of stopping as is customary 
in the case of dynamic braking when 
normal stopping is a coasting stop and an 
emergency requires a dynamic braking 
stop. 

The regenerative braking stop also 
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helps in another way. Since this system 
is applied to all stops, the several sec- 
tions of the drive are brought to rest 
quickly and they therefore cannot depart 
far from their regulated positions with 
respect to each other. This, coupled 
with the fact that the adjustable-voltage 
drive quickly brings the sections into 
regulating range upon starting, results 
in an unusually effective speed-regulat- 
ing system. 

Neglecting the ‘ ‘suicide’ circuit which 
is used to destroy residual and which may 
be considered as not affecting the results 
practically, the selection of generator 
characteristics for regenerative braking 
can be illustrated by the curves in figure 
9. The rate of field decay is inversely 
proportional to the field inductance and 
directly proportional to the resistance of 
the discharge circuit. The instantaneous 
values of field current are a function of 
these two factors and the third factor— 
time. With these factors and the gen- 
erator saturation curve, the expected 
performance shown in the curves can be 
calculated. 

Having determined a reasonable in- 


The main d-c panels for all proc- 


Figure 11. 
essing operations are housed in these cubicles. 
The machinery is on the floor directly above 


ductance for curve 1, faster curves such 
as 2 and’3 can be obtained by increasing 
the discharge resistance. If it is decided 
that say 1.75 seconds is a desirable maxi- 
mum rate of field decay, the control 
equipment can be arranged to operate on 
curve | at approximately 150 volts arma- 
ture and above and on curve 2 below 150 
volts. 

After having determined the generator 
characteristics the motor characteristics 
are checked to see that they fit into the 
cycle established by the generator. This 
is accomplished in somewhat the same 
manner as the calculation of the generator 
except that the field is rising due to ap- 
plication of full field for the stop and ex- 
cept that an additional factor, the inertia 
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of the system,* must be taken into ac- 
count. In this instance the resistance is 
the resistance in the motor field circuit. 
For practical purposes each motor may 
be treated independently and when so 
treated curves of which figure 10 is typical 
will result. 

If the rate of motor field build-up does 
not differ appreciably from the rate of 
field decay previously calculated for the 


Figure 12. Material passing from calender 
number 1 into calender number 2 through the 


speed regulating gate. The dark surface of 
the material shows the rubber added by 
calender number 1 


generator or in other words, if the motor 
becomes a generator, at approximately 
the same rate that the generator becomes 
a motor, a stable braking system may be 
expected. In general, if the motor does 
not operate over a speed range by field 
control greater than approximately two 
to one the motor will likely have in- 
herently the desired field characteristics. 
For a greater speed range it may be found 
desirable to control the rate of motor field 
build-up. 


Wind-Up Equipment 


The essential differences between the 
wind-up operations and the operations 


* Ascertain if the horsepower necessary to stop 
within the required time is within the capacity of 
the motor. This should be calculated at maximum 
speed which is the worst condition. 

R°2N N Torque 

and horsepower = ———- 

307 ¢t 5,250 
in which WR2 is the inertia of the system, N is 
the operating speed, and / the required seconds to 
stop. 


Torque = 
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Figure 13. Material 
from calender num- 
ber 2 passing through 
the cooler and com- 
pensator. The ma- 
terial at the right is 
going to the wind- 
up. The rheostat 
mounted on top of 
the | compensator 
controls the wind-up 
speed 


previously described are first, that the 
wind-up cycle is intermittent due to the 
necessity of shutting down the wind-up 
to remove a full mandrel and insert an 
empty one and second, that the required 
operating speed range is appreciably in- 
creased because the difference in driving 
speed between an empty and full man- 
drel is added to the speed range of the 
continuous-production part of the sys- 
tem. 

The matter of intermittent operation 
is provided for by inserting a material 
storage or compensator ahead of the 
wind-up. The compensator is shown 
in figure 2 from which it will be seen that 
if the wind-up has a production speed 
higher than that of the preceding part of 
the drive to the extent that the average 
production speed of the wind-up is equal 
to the continuous production speed of 
the preceding part, there will be even- 
tually as much material taken out of the 
compensator as is put into it. 

Intermittent operation and increased 
speed range of the wind-up are taken 
care of most effectively by again resort- 
ing to the adjustable-voltage system 
operating in conjunction with adjust- 
able-speed motors. The wind-up motor 
is driven by an independent generator. 
The wind-up operator has at hand an 
interlocked-independent control station. 
In the interlocked position the wind-up 
starts and stops simultaneously with the 
preceding main drives. In the inde- 
pendent position, independent control 
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of the wind-up is secured from a stop- 
thread-run control station. 

Referring again to figure 2, it will be 
seen that if this control station is moved 
from stop to thread, full field is applied 
to the motor and field is applied to the 
generator through a _ generator-field 
threading resistor to give the armature 
voltage required for the desired threading 
speed. 

Turning the control further or to the 
run position, transfers control from the 
threading resistor to the compensator- 
controlled rheostat. This rheostat is a 
combined generator and motor field 
rheostat designed to operate in the same 
manner as the combined rheostats for 
the calender motors. The setting of the 
rheostat is determined by the position of 
the compensator rolls from which it is 
operated in the same manner as the gate 
speed-regulating rheostats. From full 
to approximately half full compensator, 
the wind-up operates at fullspeed. From 
half full compensator to empty com- 
pensator, the speed is reduced from 
Limit switches 
are placed at the extreme compensator 
travels to shut down the drives should 
the normal operating range be exceeded. 

All starts are made automatically 
through the threading resistor so that all 
slack in the equipment is taken up be- 
fore the drive is thrown over to operating 
speed. As with the remainder of the 
drive, all stops for the wind-up are re- 
generative braking stops. 


maximum to minimum. 
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The Permatron —A Magnetically 
Controlled Industrial Tube 


By W. P. OVERBECK 


ASSOCIATE AIEE 


HE Permatron is a new gas-filled 

control tube in which the initiation 
of a discharge may be controlled by an 
externally applied magnetic field. The 
possibility of this type of control has been 
recognized during the past few years,’ 
but little attention has been paid to 
proper design or to the interesting applica- 
tions of tubes built specifically for mag- 
netic control. The present paper has 
been written as the result of research 
work which has shown that magnetic- 
control tubes are a reliable and useful 
addition to the field of electronics. The 
trademark ‘“‘Permatron’”’ has been chosen 
to indicate the use of magnetic control. 


Construction and Operation 


Figure 1 shows a typical Permatron 
construction. In addition to the anode 
and cathode, which are conventional, the 
bulb contains a cylindrical collector 
electrode which surrounds the discharge 
path. The controlling magnetic field 
is applied as shown through the poles of 
an electromagnet located outside the 
bulb. Nonmagnetic materials are used 
for all parts of the tube which might affect 
the proper distribution of the magnetic 
field. The most practical materials are 
graphite, for machined parts, and 18.8 
stainless steel, which has a permeability 
of 1.1 when properly annealed. The 
nickel-alloy materials used for cathodes 
are operated at temperatures sufficiently 
high to reduce their permeability. 

When a positive anode voltage and a 
magnetic field are applied to the Per- 
matron, electrons emitted by the cathode 
are deflected and strike the collector. 
Due to the presence of the collector, 
which is usually maintained at a potential 
close to or equal to that of the cathode, 


Paper number 39-20, recommended by the AIEE 
subcommittee on electronics, and presented at the 
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January 23-27, 1939. Manuscript submitted 
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this deflection takes place in a region of 
weak electrostatic field intensity and the 
electrons are removed from the discharge 
path before acquiring sufficient velocity 
to cause ionization. If the magnetic 
field is removed, the electrons proceed 
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-~- MAGNET 


Figure 1. RM-201 Permatron 


toward the anode, gaining velocity and 
producing ionization. Conduction con- 
tinues at a low-voltage drop between 
anode and cathode until the anode volt- 
age is removed or reversed. Thus, the 
initiation of a heavy current discharge 
may be controlled by diverting electrons 
which represent but a microscopic por- 
tion of the same current. For each value 
of anode voltage, there is a critical value 
of magnetic field intensity above which 
the discharge will not start. A theory 
of the relationship of this critical mag- 
netic force to anode voltage and to the 
pressure of the gas within the tube has 
been developed and shows an interesting 
agreement with actual results. 

An electron in an electrostatic field 
and a transverse magnetic field moves ina 
series of cycloid paths as shown in figure 
2, and in a general direction at right 
angles to both fields. The values of 
magnetic and electrostatic fields nor- 
mally employed in the Permatron are 
such that the dimensions of the individual 
cycloids are small and the electrons may 
be considered as moving sidewise in a 
straight line. However, due to the pres- 
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ence of gas molecules, the sidewise motio 
is broken up by collisions between elec 
trons and molecules. At each collision 
the electron may gain a little in progres 
in the direction of the electrostatic field 
If we take, as an index of the effectiv 
sidewise motion of the electron, th 
number of cycloid paths in a mean fret 
path, or average distance which an elec 
tron may travel without collision, anc 
assume that this number must be a con 
stant to prevent conduction in a giver 
Permatron design, we obtain the follow: 
ing relation: 


magnetomotive force = K1/EP 


giving the critical magnetomotive force 
as a function of anode voltage E, and gas 
pressure P. K is a constant which in- 
cludes proportionality factors between 
pressure and mean free path, magneto- 
motive force and magnetic field inten- 
sity, anode voltage and _ electrostatic 
field intensity, and the assumed constant 
ratio between mean free path and length 
of the cycloid paths. Figure 3 shows 
values of the constant K (magnetomotive 
force/ V EP) plotted against magneto- 
motive force for the full range of control 
of a mercury-vapor Permatron. The 
deviation from the theoretical constant 
value at low values of magnetomotive 
force corresponds to conditions under 
which the dimensions of the individual 
cycloid paths become comparable in size 
to the internal dimensions of the tube. 

When a straight cylindrical collector 
such as that of figure 1 is used, the mag- 
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Figure 2. Path of an electron in electrostatic 
and transverse magnetic fields 
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Figure 3. Comparison of Permatron theory 
with actual test data 
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etic sensitivity of the Permatron in- 
reases approximately as the cube of the 
atio of distance between anode and 
cathode to diameter of the collector. 
his is due partly to the resulting de- 
ease in electrostatic field intensity in 
e control region and partly to the fact 
that a greater length of collector surface 
is available to catch electrons. The 
practical limits of sensitivity are reached 
when the shielding effect of the collector 
becomes so great as to prevent starting 
of the tube at reasonably low anode volt- 
ages when no magnetic field is present. 

When other requirements such as the 
proper distribution of heat in a mercury- 
vapor tube must be met, a construction 
such as that of figure 4 is convenient. 
Here, the effective region of the collector 
is a cylindrical constriction formed by 
holes in a pair of graphite disks. The 
magnetic field is led into this region 
through iron armatures from a part of 
the bulb where location of the external 
magnet is most convenient. The use of 
two graphite disks, one above and the 
other below the iron poles, helps to shield 
the iron, which might otherwise tend to 
produce secondary electrons, and in- 
creases the length of the effective region. 
The outer cathode heat shields of this 
tube are made of nonmagnetic steel. 


Characteristics 


There are three distinctly different 
types of operation obtainable with the 
Permatron. Characteristics are shown 
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Figure 4. RM-214 
Permatron 
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in figure 5 for simple magnetic control in 
which the collector is directly connected 
to the cathode. These curves indicate 
the variation in control characteristics 
caused by changes in condensed-mercury 
temperature in the tube of figure 4. For 


circuit design purposes, it is most con- 


venient to express the magnetic field 
intensity in terms of ampere turns ap- 
plied to an electromagnet located in the 
most effective position. To give an ap- 
proximation of the power needed for con- 
trol, the value of 300 ampere turns in 
figure 5 represents 2.34 watts consumed 
in the magnet used for obtaining data for 
the curves. The tube of figure 1 requires 
about 0.075 watts for control of its maxi- 
mum allowable anode voltage. These 
control power requirements are small in 
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Characteristics of RM-214 Perma- 
tron 


Figure 5. 


comparison to the power which the tubes 
will handle. The tube shown in figure 4 
will control 16 kw while that of figure 1 
will control 10 watts. 

A second type of operation is that in 
which varying collector potentials are 
employed. This is similar to grid con- 
trol except for the fact that the control- 
ling effects of collector potential and 
magnetic field are interrelated as shown 
by the curves of figure 6. These par- 
ticular curves indicate that the negative 
collector potentials and magnetic field 
intensity have an additive effect. This 
is not always true because it has been 
found that, in some other tube construc- 
tions, the minimum anode firing voltage 
may occur at a negative collector poten- 
tial or at some value of magnetomotive 
force greater than zero. Such unusual 
effects are possible because the region 
where the magnetic field is applied may 
be located in a position where collector 
potential has a great effect on electro- 
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Figure 6. RM-214 Permatron characteristics 
showing effect of varying collector potential 


Condensed mercury temperature = 45 degrees 
centigrade 


static field intensity or in a position where 
the electrostatic field intensity does not 
vary appreciably with collector potential. 
Also, the magnetic and electrostatic fields 
may be used to produce focusing effects 
which counteract one another. 

The third type of operation is that in 
which ionization may be present in the 
tube without producing a discharge be- 
tween anode and cathode. A Permatron 
such as that of figure 4 may be operated 
with a discharge between collector and 
cathode; in which case, the magnetic 
field may be used to prevent the dis- 
charge from spreading through the holes 
in the graphite disks to the anode. When 
the cathode-collector discharge is small, 
of the order of one milliampere, this has 
the same effect as would be obtained by 
moving the cathode closer to the holes in 
the graphite disks and produces anode 
control characteristics similar to those of 
figure 5, except that greater values of 
magnetomotive force are required and 
the anode firing voltage at zero mag- 
netomotive force is greatly reduced. 
This type of operation has been used to 
make a tube designed for high-voltage 
applications more useful in circuits where 
low anode voltages are employed. 


Field of Application 


The Permatron performs the same type 
of service as has been obtained from 
thyratrons? and ignitrons.** Thus, its 
field of application overlaps to some ex- 
tent. In the same field, it has three 
features which are useful in certain types 
of applications: 


1. An electromagnetic control may remain 
insulated from the tube and its associated 
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power circuit. The applications in which 
this feature may be useful are in the control 
of high-voltage circuits from a safely 
grounded control circuit or in circuit ar- 
rangements which normally prevent the 
control of two or more tubes from a com- 
mon control source. An example of the 
former is the use of control tubes for keying 
the high-voltage supply of a telegraph 
transmitter® where the Permatron may be 
used as a high-voltage rectifier and periodi- 
cally blocked by a control magnet operated 
at low voltage from an ordinary telegraph 
key. An example of the latter is in welding 
control circuits? where the control tubes 
are connected with the anode of one tube 
tied to the cathode of the other and vice 
versa. The use of the Permatron for this 
type of application avoids the need of 
connecting the control circuit to the cathode 
of either tube. 


2. Control of the Permatron is independent 
of the polarity of the magnetic field. In 
cases such as the welding circuit mentioned 
above or in full-wave rectifier circuits where 
the anode voltages of two tubes are 180 
degrees out of phase, the voltages applied to 
their control magnets may have the same 
polarity or a single magnet may be used to 
control both tubes. 


3. The Permatron produces unusual phase- 
shift control characteristics which are de- 
scribed in detail later. 


The usefulness of the Permatron ex- 
tends to a new field of applications due 
to other factors which are listed below: 


1. New combinations with moving ma- 
chinery are possible because the Permatron 
may be controlled by moving permanent 
magnets. An example of this is in the 
problem of elevator leveling or control 
where permanent magnets might be mounted 
on the cage to operate Permatrons at 
various levels in the shaft. 


2. <A wider application to communication 
circuits or measuring instruments is possible 
because of the lack of reaction between the 
tube and control magnet. The control im- 
pedance remains the same and is linear 
whether the tube is conducting or not. 
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Thus, the Permatron may be operated 
directly from a transmission line without 
danger of reflection or may be operated 
from carefully balanced measuring circuits 
without danger to instruments. , 


3. Operation of the control from extremely 


low voltages is possible, although heavy — 


control currents are required. As an 
example, the tube illustrated in figure 1 can 
be controlled by a voltage lower than six 
microvolts when a_ single-turn control 
magnet is used. 


Most of the development of Permatrons 
has been confined to the small tubes and 
medium power industrial tubes illus- 
trated in figure 7. The ratings of the 
tubes range from an average current of 
0.1 to 8 amperes and up to 3,500 volts. 
There is, however, no factor which pre- 
vents application of the same principles 
to tubes of higher voltage and current 
ratings. Work on such tubes is proceed- 
ing with the object of investigating the 
possibility of extending, through mag- 
netic control, the present limits of both 
high-voltage and heavy-current gas-filled 
tubes. 


Control Circuits and 
Methods of Application 


Figure 8 illustrates the analysis of a-c 
operation. For each point on the posi- 
tive half cycle of anode voltage, there is a 
critical value of magnetomotive force 
which will prevent conduction and which 
may be either positive or negative. 
These values of magnetomotive force 
which may be obtained from curves 
similar to those in figure 5, form a closed 
oval as shown by the dotted line. If 
an alternating magnetomotive force is 


Figure 7. Experimental Permatrons 
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applied to the control magnet, conduc- 
tion starts in each cycle at the point 
where the magnetomotive force wave 
intercepts the critical oval and con- | 
tinues until the anode voltage becomes 
negative. This period of .conduction, 
indicated by the shaded portion of the — 
diagram, may be increased or decreased 
by varying the phase relation between 
anode voltage and magnetomotive force. 


Figure 8. Oscillographic analysis of a-c 
operation 
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Figure 9. Output characteristic of Permatron 
with phase-shift control 


Phase shift control of this type has been 
described in connection with other types 
of control tubes? so it is possible to limit 
the present discussion to unusual results 
obtained from its use with Permatrons. 

It may be seen, from inspection of 
figure 8, that the instant of starting, or 
firing angle, in each cycle is limited to the 
relatively short period that the mag- 
netomotive force wave is _ passing 
through the critical oval. If the tube 
fails to start during this period as a re- 
sult of some external condition such as 
the anode circuit being open, it cannot 
start later in the cycle. If the amplitude 
of the magnetomotive force wave is in- 
creased, this available starting period 
may be made shorter. An effect of this 
sort is very useful in applications such as 
resistance welding and motor control 
where an accurately set firing angle is re- 


quired. It avoids the need of special 
peaking transformers in the control 
circuit. 


As the phase angle between anode volt- 
age and control-magnet voltage changes, 
the average current through the Per- 
matron varies as shown in figure 9. 
The anode current variation is repeated 
every 180 degrees, and the discontinuous 
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(b) 
Figure 10. Permatron phase-shifting circuits 


points occur at the power-factor angle 
of the control magnet which is usually 
close to 90 degrees. In welding or in 
full-wave rectifier circuits where tubes 
are connected with their anode voltages 
180 degrees out of phase, the two control- 
magnet voltages may be in phase or a 
single magnet may be used to control 
both tubes. 

Two circuits which may be used for 
phase-shift control of the Permatron are 
shown in figure 10. The first (a) is an 
adaptation of the conventional type of 
phase-shift circuit. The reactive ele- 
ment Z may be either a capacitor or an 
inductor. When the resistor R is varied 
from zero to infinity, the phase angle of 
the control magnet varies from zero to 
180 degrees with respect to the anode 
voltage. A capacitor whose capacitance 
resonates with the control-magnet induct- 
ance at the power-line frequency may 
be connected in parallel with the control 
magnet to reduce the current drawn from 
the phase-shift circuit. The second cir- 
cuit (b) avoids the need of a center-tapped 
control-voltage source by using a center- 
tap on the control magnet. This cir- 
cuit is easy to understand when it is 
realized that it is the same as the one 
above except that the connections are re- 
versed. The magnet takes the place of 
the center-tapped source and the ter- 
minals which would normally be the out- 
put of the phase-shift circuit are con- 
nected to the power lines. The imped- 
ance Z and the mean value of the resistor 
R should be large compared to the im- 
pedance between the center-tap of the 
control magnet and the two outer ter- 
minals when the latter are short-circuited 
and should be small compared to open- 
circuit impedance between the outer ends 
of the control magnet. Use of a resonat- 
ing capacitor across the magnet makes the 
latter value larger. 

In automatic control circuits, it is usu- 
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ally preferable to obtain phase-shift 
control from direct current. This pref- 
erence is due to the fact that such con- 
trol devices often include a vacuum-tube 
amplifier which produces a varying d-c 
output. A very useful circuit for this 
type of control is shown in figure 11. 
Two coils are wound on each control 
magnet, one to be operated from alter- 
nating current and the other from direct 
current. When two tubes are used, these 
coils may be arranged so that the alter- 
nating voltages induced in the two d-c 
coils are balanced out. The same result 
may be accomplished with single-coil 
magnets if the coils are connected in a 
balanced bridge circuit with the alter- 
nating current applied to one pair of 
opposite corners and the direct current to 
the other corners. The oscillographic 
drawing below the circuit diagram shows 
the results obtained. Due to the balanc- 
ing connection, the d-c magnetomotive 
force shifts the two a-c magnetomotive 
force waves in opposite directions. These 
magnetomotive force waves are illus- 
trated as sine waves, each drawn with a 
solid line during the half cycle that its 
associated anode is positive. Since one 
wave shifts upward and the other down- 
ward, the firing angles of the two tubes 
shift in the same direction and their out- 
put currents remain balanced. If the 
connections to the a-c coils are reversed, 
the direction of shift in firing angle with a 
given change in d-c magnetomotive force 
is reversed. 

A smooth control of output current of a 
Permatron may be obtained with moving 
permanent magnets by applying the same 
principle as the circuit of figure 11. 

Although several complete circuits 
using Permatrons have been developed, a 
detailed description of all of them would 
require more space than could be alloted 
to one paper. However, the full wave 
rectifier circuit of figure 12 is shown in 
order to give an example of the combina- 
tion of a few of the principles described 
above in a complete circuit. The control 
magnet system is a combination of figure 
11 and figure 10 (b). The d-c coils are 
operated by an amplifier tube whose 
plate current is controlled by varia- 
tions in output voltage of the rectifier. 
The phase-shift circuit of the a-c coils 
is adjusted to give the maximum rate of 
change of output voltage for a given 
change of current in the d-c coils and to 
set the mean output voltage at a value 
which produces the optimum performance 
of the amplifier tube. A resistance and 
capacitor time-delay circuit is used in the 
grid circuit of the amplifier to prevent 
hunting. This particular circuit is de- 
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Figure 11. Circuit diagram and analysis of 
combined a-c and d-c magnetic control 
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Figure 12. Fundamental circuit diagram of 
Permatron-controlled rectifier 


signed to give a constant output voltage 
regardless of input voltage or load varia- 
tions. If the d-c coils are of low imped- 
ance and connected in series with the 
load, the rectifier may be made to have a 
drooping characteristic or a rising char- 
acteristic depending on the phasing of the 
a-c coils. 


Conclusion 


Magnetic control as described above 
has proved itself both reliable and effi- 
cient and, having so many useful fea- 
tures, it should find many industrial ap- 
plications. Moreover, since it is possible 
to obtain both grid control and magnetic 
control effects in the same tube, there are 
many applications in which the desirable 
qualities of both types of control may be 
obtained simultaneously. In circuit com- 
binations and in possible variations of 
control characteristics, the Permatron 
should provide a fertile field for new 
ideas. 
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Discussion 


S. B. Ingram (Bell Telephone Laboratories, 
New York, N. Y.): Mr. Overbeck and his 
associates have done the industry a service 
in making a line of magnetically controlled 
gas tubes commercially available. The 
advantages of devices of this type have 
been recognized for some time as the author 
has pointed out in his paper. The avail- 
ability of a new device, however, is always a 
great stimulus to its wide application and we 
shall now have an opportunity to see the 
magnetically controlled tube prove its 
mettle in competition with other types of 
gas-filled control tubes. 

There is one characteristic of mercury- 
vapor-filled Permatrons which, I believe, 
will be a considerable impediment to its 
circuit application. This is the variability 
of its characteristics with condensed mer- 
cury temperature. The characteristics of 
the thyratron or grid-controlled gas-filled 
tube also vary with temperature, but ex- 
treme shifts in the characteristic take place 
only below condensed-mercury tempera- 
tures of about 40 degrees centigrade. In 
the ordinary operating temperature range 
from 40 degrees centigrade to 80 degrees 
centigrade the characteristics are relatively 
independent of temperature. In the Per- 
matron, the variability extends over the 
whole temperature range as Mr. Over- 
beck’s figure 5 shows and as, in fact, his 
theory of breakdown demands. Rare-gas- 
filled tubes would be free from this disad- 
vantage although their use would neces- 
sarily be confined to low-voltage circuits. 
I should like to ask if any work has been 
done on Permatrons with rare-gas filling. 


W. P. Overbeck: Mr. Ingram’s discussion is 
greatly appreciated. As pointed out in the 
paper, our work has led to the discovery of 
previously unrecognized advantages of 
magnetic control and it is natural to ex- 
pect that, with special tubes available, 
other engineers will be able to add impor- 
tant contributions. In addition to the 
competitive situation mentioned by Mr. 
Ingram, it is to be hoped that the unusual 
features of the Permatron will create a new 
field of application. 

In contradiction to the theory of control 
which I have proposed, I believe that there 
is a possibility of reducing variations of 
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Synopsis: Secondary capacitors cost more 
than primary capacitors but they offer some 
additional benefits which may offset the 
additional costs. There are presented 
herein the results of a comprehensive 
economic study covering a wide variety of 
circuit and load conditions on both network 
and radial distribution systems to establish 
within reasonable limits the probable field 
of application of the secondary capacitor. 

From the results of the study it appears 
that secondary capacitors can be justified in 
practically all cases on secondary networks 
but have a limited application on primary 
radial distribution systems. 


URING the past two years shunt 
D capacitors have been applied to dis- 
tribution systems in increasing quantities. 
Continual increases in reactive loads due 
to refrigerators, air conditioning, fans, 
and other small motor loads have had 
their destructive effects and corrective 
measures have more than ever become 
necessary. 

Reactive amperes originate at the load 
and they carry their destructive effect 
in the form of excessive voltage drops, 
thermal overloads, and energy losses, back 
to the generator. Naturally enough, 
corrective measures to affect the maxi- 
mum benefits should be located as 
close to the load or source of reactive as 
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* Capacitors applied by industrials, of course, are 
necessarily low-voltage capacitors since the utiliza- 
tion voltage is in most cases the only voltage 
available in an industrial plant. 


possible. Capacitors lend themselves 
particularly well as corrective devices to 
obtain maximum benefits because they 
can be obtained in small increments of 
capacity and may be applied in proper 
sizes close to the load. 

From the viewpoint of maximum bene- 
fits, therefore, a small capacitor at each 
meter box would appear to offer the ideal 
correction. On the other hand, from the 
viewpoint of maximum benefits com- 
mensurate with maximum economy, the 
relative costs of capacitor correction ap- 
plied at various points in the distribution 
system must be factored. 

The cost of capacitors varies principally 
with the size of the individual unit and 
with the voltage rating of the unit. At 
the present stage of the art, design and 
manufacturing limitations are such that 
the capacitor having the lowest cost per 
kilovolt-ampere is a 10- or 15-kva unit 
having a voltage rating of 2,300 or 4,000 
volts. This, of course, means that the 
lowest cost correction is that which can 
be applied to the primary feeder. The 
difference in cost between primary and 
secondary capacitors is quite substantial 
(see figure 3) and it probably is for this 
reason that practically all capacitors 
which have been applied by utilities for 
reactive correction have been primary- 
feeder capacitors. * 

Although secondary capacitors cost 
more, they do offer some additional ad- 
vantages over primary capacitors. Con- 
sider for a moment what these additional 
advantages consist of : 


Comparative Benefits of Secondary 
Versus Primary Capacitors 


The elimination of reactive kilovolt- 
amperes from a system releases system 


characteristics with temperature. Non- 
varying characteristics of the thyratron in 
the range of temperatures mentioned by 
Mr. Ingram are not true of all types. For 
example, the FG-43 and K U-628 show con- 
siderable variation in this range. We are 
thus led to the conclusion that refinements 
of design are responsible for the improved 
characteristics of types such as the FG-29. 
A similar refinement in design of the Per- 
matron would be such that tube construc- 
tion, rather than vapor pressure, would 
determine the effectiveness of magnetic 
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deflection. On the other hand, it should 
be noted that in an experimental industrial 
installation, mercury-vapor Permatrons 
have operated over 5,000 hours without 
difficulty from characteristic variations. 
This is, of course, due to proper circuit 
design. 

Considerable work has been done on 
Permatrons with rare-gas filling. The two 
tubes shown in the center of figure 7 are 
made with argon gas. This removes varia- 
tion of characteristics with ambient tempera- 
ture. 


ELECTRICAL ENGINEERING 


Figure 1 (right) 


These curves show that secondary capaci- 
tors do not give any additional reduction in 
voltage drop between first and last customer if 
all transformers are equipped with the secon- 
dary units. To gain additional reduction in 
voltage drop, the secondary capacitor installa- 


tions should be confined to the section of line 
between Y and Z above. 


Point Y is that 
point at which the primary feeder line drop is 
equal to the voltage rise in an unloaded trans- 
former due to a secondary capacitor. In the 
above curves, it is assumed that the first trans- 


former may be unloaded at peak feeder load 
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Figure 3 (below) 


These curves show the relative costs of pri- 
mary and secondary capacitors. The cost per 
kilovolt-ampere of primary capacitors is about 
constant since they are always multiples of 
10- or 15-kva units. In this study primary 
4-kv capacitors had a fixed installed cost of 
$7.55 per kilovolt-ampere and 13.8-kv capaci- 
tors had a fixed installed cost of $12.60 per 
kilovolt-ampere. The installed cost of secon- 
dary capacitors varies considerably as noted 
above. On secondary networks, however, 
the cost was fixed at $22.40 per kilovolt- 
ampere since these were all multiples of 
5-kva units 
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Figure 2 (above) 


A similar comparison is made in the above 
curves as in figure 1 except that it is assumed 
here that all transformers will be loaded at 
peak feeder load. In this case, however, it 
is still true that secondary capacitors do not 
give additional reduction in voltage drop over 
primary capacitors unless they are confined to 
that section of the feeder between points Y 
and Z. For either of the conditions assumed 
in figures 1 or Q it is necessary properly to set 
the line-drop com- 
pensator to obtain 
the indicated results 
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capacity in one or both of two ways. 
Correction of reactive kilovolt-amperes 
reduces voltage drop and it also reduces 
net kilovolt-amperes, so depending on 
whether voltage drop or thermal ca- 
pacity is the limiting factor, the value of 
released system capacity will be cal- 
culated in one of two ways. 

The kilowatt carrying capacity of over- 
head primary feeders is practically al- 
ways limited by voltage drop in the 
feeder so the advantage of the capacitor 
in releasing feeder capacity is measured 
as a direct function of the degree of re- 


Figure 4 


The curves below summarize the unit distribu- 

tion transformer costs for the conventional type 

of transformer on overhead lines using two 

lightning arresters and two fuse cutouts, as 
used in this study 
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pacity (thermally), which the primary 


88 capacitor does not do. In addition to 
Se this, the secondary capacitor effects an 
eB additional voltage rise through the trans- 
=S former by virtue of the transformer re- 
*s actance. This voltage rise, when co- 


ordinated with the regulating equipment, 
in effect, augments the primary feeder 
capacity, provided it can be obtained 
fairly equally on all distribution trans- 
formers, since it contributes to the net 
reduction in voltage drop between the 
first and last customer on the feeder (see 
detailed analysis hereinafter). 

So we find that a given kilovolt-amperes 
of secondary capacitors provided they 
are properly distributed, may add an 
additional increment of primary feeder 
capacity and releases a certain amount of 
distribution transformer capacity above 
and over what the same kilovolt-amperes 
in primary capacitors can offer. 
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Figure 5 


These curves show the amount of voltage rise 
which secondary capacitors produce in the 
distribution transformers on overhead lines. 
It is assumed here that the feeder power factor 
is corrected to unity and that the ratio of total 
transformer kilovolt-amperes to feeder kilo- 
volt-ampere demand is two 
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Figure 6 The economic problem is to determine 
if this additional benefit is or is not offset 
by the greater cost of secondary ca- 
pacitors. Actually, there are two general 
cases to consider—one where the second- 
ary capacitor is located on overhead lines 
and the other where it is located on under- 
ground secondary networks. These will 
be treated separately. 

If secondary capacitors have been ap- 
plied in such a way that the average volt- 


This group of curves shows the installed cost 

of secondary network transformer vaults for 

both oil- and Pyranol-filled transformers. 

Only the oil-filled transformer costs were used 
in making this study 


duction of voltage drop on the feeder. 
On the other hand, the limiting factor on a 
transformer is its thermal capacity, so 
the advantage of the capacitor in releas- 
ing transformer capacity is measured as a 
direct function of the reduction in net 


age level is higher than could be obtained 
with primary capacitors there will prob- 
ably result an increase in revenue which 
may properly be considered an additional | 
benefit. Although most engineers agree 
that there will be some increase in reve- 
nue with a higher voltage level, there is 
some difference in opinion as to the 
amount of increase. In the economic 
comparison of this study the additional 
reventie has been evaluated by a method 
acceptable to most engineers and the re- 
sults have been prepared alternatively 
considering the additional revenue as a 
benefit and ignoring it. The details are 
given in the appendix. 


Important Factors to Consider 
in Comparing Primary and 
Secondary Capacitors 


A primary capacitor releases feeder 
kilowatt capacity because it reduces the 
drop between the first and last customer. 
Unless secondary capacitors further re- 
duce this drop they will not contribute 
additional kilowatt line capacity. Actu- 
ally if every distribution transformer is 
equipped with a secondary capacitor the 
voltage drop between the first and last 
customer is not affected. This is illus- 
trated schematically in figures 1 and 2, 
where voltage drops are plotted with both 
primary and secondary capacitors and 
considering alternatively that the first 
transformer may or may not be loaded at 
peak feeder load. It is assumed (ar- 
bitrarily) in these diagrams that each 
distribution transformer has 21/2 per cent 
voltage drop when fully loaded and 11/2 
per cent rise when equipped with second- 
ary capacitors. 

On most feeders the allowable voltage 
to the first customer (in this case assumed 
to be 104 per cent) determines the amount 
of boost permitted the feeder regulators 
at peak load. If a voltage rise of 1.5 per 


Figure 7 


These curves are similar to those of figure 5 
except they apply to secondary network 
transformers rather than to overhead-line in- 
stallations. They show voltage rise produced 
in the transformer by secondary capacitors 


Network transformers, 13.8 kyv—120/208 


kilovolt-ampere demand. 


Thus, now considering the compara- 
tive merits of secondary capacitors over 


primary capacitors, we find that the sec- 
ondary capacitor releases a _ certain 
amount of distribution transformer ca- 
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Figure 8 


Here are plotted the values of additional 
benefits over costs of secondary over primary 
capacitors for overhead lines of a rather low 
load density—that is, 10, 15, and 100 kva 
per mile. The dollar values are total capi- 
talized benefits in excess of or less than addi- 
tional costs of secondary over primary capaci- 
tors per feeder. In all cases, any specific set 
of data plotted here applies to a feeder having 


such a length and loading as to give exactly 


10 per cent voltage drop at peak load 
The additional benefits tabulated here include: 


1. Released feeder capacity 


9. Released distribution transformer capacity 


The ratio of transformer kilovolt-amperes to 
feeder kilovolt-ampere diversified demand was 
assumed alternatively two and four. The 
power factors assumed were 0.7, 0.8, and 
0.9. The average size of distribution trans- 
formers ranged from 5 to 50 kva 
It may be noted that for the conditions con- 
sidered here the secondary capacitors cannot 
be justified except at the light load densities 
and low power factors 


cent is introduced in each transformer by 
means of secondary capacitors, in effect 
the voltage level of the whole feeder has 
been raised 1.5 per cent; and to avoid 
giving the first customer 1. 5 per cent over- 
voltage it is necessary to readjust to the 
regulator to give 1.5 per cent less voltage 
which leaves the feeder with exactly the 
same voltage to all customers as before 
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the secondary capacitors were applied. 
Thus equipping all transformers with 
their proportionate amount of secondary 
capacitor correction does not result in any 
increase in kilowatt feeder capacity over 
that which can be obtained with the same 
kilovolt-amperes in primary capacitors. 

However, if the secondary capacitors 
are not applied proportionately to all 
transformers but only to those between 
points Y and Z in figures 1 and 2 (point 
Y is that point at which the feeder voltage 
drop at peak load is equal to the voltage 
rise produced in the transformer by the 
capacitor), there will result in effect a re- 
duction in the voltage drop between the 
first and last customer, in this case 1.5 
per cent, and a corresponding increase in 
kilowatt capacity of the feeder. 

In figures 1 and 2 there is illustrated 
rather simply the comparative voltages 
on the primary feeder and transformer 
secondary for the conditions of A—pri- 
mary capacitors uniformly distributed, 
B—secondary capacitors uniformly dis- 
tributed, and C—secondary capacitors 
distributed only between points Y and 
Z of the feeder. In figure 1 it is assumed 
that the first transformer may be un- 
loaded at peak feeder load, and in figure 2 
it is assumed that all transformers will 
have their peaks at the same time. It 
may be noted that under the last assump- 
tion there is less voltage difference be- 
tween first and last customer but with 
either assumption of transformer loading 
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the secondary capacitors contribute ex- 
actly the same amount of improvement. 
Note also that the only voltage benefit ob- 
tained by applying secondary capacitors 
to all transformers, as indicated in curve 
A, would be a reduction in the necessary 
voltage range of the regulator. 

Figures 1 and 2 demonstrate further 
that in applying secondary capacitors, 
careful consideration must be given to 
the loading of the transformers. If all 
transformers have their peak loads at 
about the same time, the results are dif- 
ferent than if any particular transformer 
is unloaded during peak load on the 
feeder. Only by an accurate study of 
transformer loading can the line-drop 
compensator be set properly to obtain 
maximum benefits from the secondary 
capacitors and also to avoid overvoltage 
conditions on specific transformers. 

In general the total amount of capacitor 
correction to be used on the secondaries 
of a given feeder should equal that which 
would be used on the primary. This is 
usually made equal to the average reac- 
tive kilovolt-amperes of the diversified 
feeder load. Any deviation from this 
rule, plus or minus, results in a partial 
sacrifice in the maximum reduction in 
feeder energy losses otherwise obtained. 

If the capacitor correction is equal to 
the average feeder reactive kilovolt-am- 
peres and a proportional amount of it is 
applied to the secondary of each trans- 
former, because of diversity, the average 
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Figure 9 


Here are plotted the values of additional 
benefits over cost of secondary over primary 
capacitors for overhead lines of somewhat 
higher load densities than those considered in 
figure 8. The load densities considered here 
were 100, 500, and 1,000 kva per mile. In 
keeping with these densities the conductor 
sizes assumed were 2/0 and 4/0. The dollar 
values are total capitalized benefits in excess 
of or less than additional costs of secondary 
over primary capacitors per feeder. In all 
cases any specific data plotted here applies 
to a feeder having such a length and loading 
as to give exactly 10 per cent voltage drop at 
peak load 


Here again the additional benefits capitalized 
include (1) released feeder capacity, and 
(2) released distribution transformer capacity. 
The ratio of transformer kilovolt-amperes to 
diversified feeder demand was two. Here 
again the average size of distribution trans- 
former was assumed to vary from 5 to 50 kva 


Note that under these conditions secondary 

capacitors cannot be justified, even at the 

light load density of 100 kva per mile unless 
the power factor is fairly low 


reactive load on any one transformer will 
only be partially corrected. Moreover, 
it is important to note that whereas the 
reactive kilovolt-amperes is reasonably 
constant on most feeders, this is not at all 
true of loads on specific transformers. 

From the viewpoint of voltage control 
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it is perhaps preferable to distribute the 
capacitor correction in direct proportion 
to transformer rating with the first in- 
stallation located at a point on the feeder 
at which the peak-load voltage drop is 
equal in magnitude to the voltage rise 
produced inthe transformer by the second- 
ary capacitor. This procedure would 
insure uniform voltage rise in all trans- 
formers and also would insure the maxi- 
mum additional feeder kilowatt ca- 
pacity. On the other hand, with specific 
transformers having particularly bad 
power-factor or unusual load conditions, 
it may be desirable to concentrate more 
than a proportionate amount of ca- 
pacitors. 

It should be emphasized that unless 
considerable care and study is given to 
the application of secondary capacitors, 
particularly on radial secondaries, the 
calculated additional benefits will not be 
realized. In the case of banked second- 
aries or secondary networks the problem 
is not so acute, because load diversity is 
obtained in the network itself, which 
approaches that obtained in the primary 
feeder with radial distribution. 


Scope of Economic Analysis 


To obtain a broad picture of the eco- 
nomic merits of secondary capacitors, it 
wasnecessary to consider a great variety of 
radial overhead feeders as well as second- 
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Actually 33 overhead 


lines were analyzed and 24 variations in 


networks. 


The variables in circuit de- 


sign and load conditions were: 


Radial Overhead Feeders: 


Conductor sizes 

Load density, kilo- 
volt-amperes per 
mile 

Power factor 

Average transformer 
size 

Ratio of transformer 
kilovolt - amperes 
to total kilovolt- 
ampere demand 


numbers 2, 2/0, 4/0 
10, 50, 100, 500, 1,000 
0.7, 0.8, 0.9 


11/. kva to 50 kva 


2,4 


In each case the primary voltage was 
assumed to be 4,160 volts, since this is the 
voltage rating of the lowest-cost primary 


capacitor. 


Network Systems: 

13.8-kv underground 
cable 

Load density, kilo- 
volt-amperes per 
mile 

Power factor 

Average transformer 
size 

Ratio of transformer 
kilovolt-amperes to 
total kilovolt-am- 
pere demand 


4/0, 350,000 circular 
mils 


500, 1,000, 3,000, 5,000 
0.7, 0.8, 0.9 


150 kva to 500 kva 


1.5 


The primary voltage was assumed to be 


13.8 kv in each case. 


In all cases the allowable primary 
voltage drop on 4.16-kv overhead lines 
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Figure 10 (above) 


The data plotted in these curves cover similar 
conditions to that of figure 8 except that the 
additional benefits of secondary over primary 
capacitors have been plotted as a ratio of 
dollars benefit to kilowatt feeder capacity 
rather than dollar benefit per feeder. These 
data cover the set of conditions in the upper 
half of figure 8, that is, number 2 conductor 
size, load densities of 10, 50, and 100 kva 


per mile, and a ratio of transformer kilovolt- 
amperes to feeder demand of two 


Figure 11. Ratio of dollar value of benefits 

in excess of additional costs of secondary over 

primary conductors to total kilowatt feeder 
capacity 


These curves show the value of additional 
benefit of secondary over primary capacitors 
for the condition in figure 8, but the benefit 


is plotted as a ratio of dollars benefit to feeder 
kilowatt capacity rather than dollars benefit 
per feeder. These data cover the same con- 
ditions as the lower half of figure 8, that is, 
number 2 conductor size load densities of 
10, 50, and 100 kva per mile, and a ratio 
of transformer kilovolt-amperes to feeder de- 
mand of four 


Additional benefits include: 


1. Released feeder capacity 
2. Released distribution-transformer capacity 
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In this case the additional benefits have been 
plotted in dollars per feeder. It should be 
noted in comparing these data with those of 
figure 8 that the item of additional revenue 
still leaves the application of secondary 
capacitors somewhat doubtful except at light 
load densities. It may be noted, however, 
that for a ratio of transformer kilovolt-amperes 
to feeder demand of two, the secondary 
capacitors appear to somewhat of an advantage 
at all three of the load densities considered 


feeder capacity rather than per feeder 
Additional benefits include: 


Figure 12 (above). Ratio of dollar value of 
benefits in excess of additional costs of second- 
ary over primary conductors to total kilo- 
watt feeder capacity 1. Released feeder capacity 

2. Released distribution-transformer capacity 
These curves cover the same conditions as 
those of figure 9, that is, load densities of 
100, 500, and 1,000 kva per mile, conductor 
sizes of 2/0 and 4/0, etc., but (similar to 
figures 10 and 11) the additional benefits are 
plotted as dollars benefit per kilowatt of 


Figure 13 


These curves cover the same set of conditions 
as curves of figure 8 except that the additional 
benefit of increased revenue has been added. 
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Figure 14 (above) 


The data plotted here are entirely similar to 
those of figure 9 and cover a similar set of 
conditions, but include the additional benefit 
of increased revenue. The additional bene- 
fits of primary over secondary capacitors have 
been plotted in this case as dollars benefit per 


AVERAGE SIZE OF TRANSFORMERS IN KVA 


feeder. Here again it will be noted that 

the item of additional revenue does not greatly 

change the over-all picture as shown in 

figure 9. Secondary capacitors here appear 

to be attractive only at the load density of 

100 kva per mile, except at low power 
factors 


Figure 15 (below) 


The data plotted here cover a similar set of 
conditions as those plotted in figure 10, except 
the additional item of increased revenue has 
been included in the benefits. As in figure 
10 the value of additional benefit of primary 
over secondary capacitors has been plotted 
as total dollars benefit per kilowatt of feeder 
capacity, rather than per feeder 
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Figure 16 (above) capacitors has been plotted as total dollars conditions as considered in figure 12 except 

benefit per kilowatt of feeder capacity, rather that the item of additional revenue has been 

The data plotted here cover the same set of than per feeder included as an additional benefit. The value 

conditions as figure 11 except that the item of of additional benefit of primary over secondary 

additional revenue has been included as a Figured capacitors has been plotted as total dollars 

benefit. As in figure 11, the value of addi- benefit per kilowatt of feeder capacity, rather 
tional benefit of primary over secondary The data plotted here cover the same set of than per feeder 
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Figure 18 (above). Value of benefits in excess 
of additional costs of secondary over primary 
capacitors for secondary network 


Figures 8 to 17 have summarized the results 
of a comparative analysis of primary over 
secondary capacitors on overhead lines cover- 
ing a wide range of conditions. The data 
plotted here are similar to the foregoing but 
cover the secondary network application. 
Total additional benefits include (1) released 
feeder capacity, (2) released distribution 
transformer capacity, and have been plotted 
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in dollars per feeder. Load densities were 

assumed to be 500, 1,000, and 3,000 and 

5,000 kva per mile. The primary 13-kv cable 

was assumed to be alternatively 4/0 and 

350,000 circular mil. Ratio of transformer 

kilovolt-amperes to diversified demand was 
assumed to be 1.5 


Average size of distribution transformers 

ranged from 200 to 500 kva. It may be noted 

that, except at a load density of 500 kva per 

mile the secondary capacitor appears to be at 

somewhat of an advantage over the primary 
capacitor 


MBAS 
ashi ff aa 


Additional benefits include: 


1. Released feeder capacity 
9. Released distribution-transformer capacity 


Figure 19 


The set of data considered here is the same 

as that considered in figure 18 except that the 

value of additional benefit of secondary over 

primary capacitors has been plotted as dollars 

benefit per kilowatt of feeder capacity rather 
than dollars benefit per feeder 
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Figure 20 (above) Figure 21 (below) 


This set of curves is similar to those of figure 
18 except that the item of increased revenue 
has been included as a benefit. Here the 
value of additional benefits of secondary over 


It may be noted that the item of increased 
revenue increases the total benefit to such an 
extent that the secondary capacitors appear to 
be of a considerable advantage in all cases 


The data plotted here are similar to that of 
figure 20 except that the item of increased 
revenue has been included as a benefit. 
Similar to figure 20 the data here have been 


plotted as total dollars benefit per kilowatt 
of feeder capacity 


primary capacitors has been plotted in total considered over the primary capacitors 


dollars benefit per feeder 
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Figure 22 


This illustration shows a 180-kva primary 
line capacitor for urban type of feeders. 
This type of equipment consists of a number 
of indoor capacitor units mounted inside a 
ventilated weatherproof housing 


was assumed to be ten per cent and on 
the 13.8-kv underground secondary net- 
work feeders five per cent except where 
the thermal capacity of the cable would 
be exceeded. With this criteria for line 
capacity and the range of load densities 
used, the overhead lines varied in length 
from 2.2 miles to 17.8 miles while the 
underground network feeders varied in 
length from 3.5 miles to 12.7 miles. 
Similarly kilovolt-ampere peak loads 
varied from 173 kva to 2,520 kva on the 


Figure 23 


Here is shown another 180-kva primary-line 

capacitor bank made up of a number of indi- 

vidual outdoor units. This type of installation 

is functionally identical with that shown in 

figure 22 but is frequently preferred because 
it has a somewhat lower installed cost 
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overhead lines and from 3,500 to 9,000 
kva on the network feeders. 

For each case considered, additional 
kilowatt line capacity, released trans- 
former capacity, and increased revenue 
were evaluated in dollars per line and 
dollars per kilowatt of line capacity. 
The methods used for these evaluations 
are tabulated in the appendix. 

Figure 3 gives the capacitor installed 
costs used in making this study. These 
were approximately selling price plus 20 
per cent for installation. On this basis 
4-kv capacitors have an installed cost of 
$7.55 per kilovolt-ampere and 13-kv 
capacitors have an installed cost of $12.60. 
The secondary units have a variable cost 
per kilovolt-ampere, since the unit cost 
varies with size, but on the secondary 
network application the cost is fixed at 
$22.40 per kilovolt-ampere, since all 
banks of 208-volt capacitors are in in- 
crements of 5-kva units. 

The value of transformer capacity also 
varies with size of installation. The 
values used in this study for the radial 
overhead line and underground network 
transformer costs are summarized in 
figure 4 and figure 6, respectively. 

The unit line costs used are: 


Three-phase number 2 4-kv overhead— 
$2,763 per mile 

Three-phase number 2/0 4-kv overhead— 
$3,540 per mile 

Three-phase number 4/0 4-kv overhead— 
$4,450 per mile 

Three-phase number 4/0 13.8-kv cable— 
$17,400 per duct mile 
Three-phase 350,000-circular-mil 
cable—$20,100 per duct mile 


13.8-kv 


These values are based upon averages 
of actual installed costs. Their absolute 
values may be in error for specific locali- 
ties but their comparative values are 
accurate. These line costs were used to 
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Figure 24 


This is a typical installation of a 15-kva pri- 
mary-line capacitor for single-phase rural 
service 


determine the value of a kilowatt of line 
capacity in each case. 


Examination of Results 


In order to obtain any reasonable ap- 
praisal of the merits of the secondary 
capacitor on the distribution system, it 
was necessary to analyze a fairly wide 
range of circuit and load conditions. To 
present adequately the results a rather 


Figure 25 


This illustration shows a 150-kva three-phase 
bank of 208-volt capacitors installed in a 
building vault for reactive kilovolt-ampere 


correction on a secondary network 
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— _ __CKVA 
KWo* TAN + R/X 
KW = RELEASED Kw CAPACITY 


CKVA= CAPACITOR CORRECTION 


R= LINE RESISTANCE 
X =LINE RESISTANCE 


Figure 26 


The above diagram shows the vector relations 
existing between the pertinent quantities when 
capacitors are used to release feeder capacity 
where voltage drop is the limiting factor. 
For any particular capacitor having a kva 
rating of Ckva the above relation for Akwo is 
the additional key which can be carried on the 
line without exceeding the voltage drop on 
the feeder existing before the capacitors were 
applied. In the above relation values of kva, 
kw, or Ckva may be expressed either as such or 
as percentages 


large number of curves were necessary 
since five variables were involved—that 
is, power factor, load density, conductor 
size, diversity, and average transformer 
size. Moreover, it seemed necessary to 
prepare the results both considering and 
not considering increased revenue as a 
benefit since this item is controversial. 

To show clearly when the secondary 
capacitor is to be preferred, it is neces- 
sary only to plot the difference in dollars 
between the capital value of the addi- 
tional benefits which secondary capacitors 
have over primary capacitors and the 
capital value of the additional costs of 
secondary over primary capacitors. If 
the additional benefits exceed the addi- 
tional costs, the secondary capacitor is a 
sound investment. 

In figures 8 to 21, therefore, this dif- 
ference between additional benefits and 
additional costs has been plotted as a 
function of the various circuit and load 
conditions. It has been plotted, first 
in dollars per feeder, and second, in 
dollars per kilowatt of feeder capacity. 
It seemed advisable to present the pic- 
ture both ways since the feeders varied 
considerably in length and loading, they 
being alike only in maximum allowable 
voltage drop. 

In examining figures 8 to 21, note that 
the dollar benefits or deficiency consist 
of the sum of the following items: 


1. Capital value of additional distribution 
transformer capacity. 
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2. Capital value of additional feeder 


capacity. 


8. Capital value of additional revenue 
(capitalized on the basis of 12.5 per cent 
annual carrying charge). 


As stated above, the data were also 
calculated omitting the third item of reve- 
nue. Figures 8 to 17 cover the over- 
head lines studied, and figures 18 to 21 
cover underground secondary networks. 
Figures 13, 14, 15, 16, 17, 20, and 21 in- 
clude the item of additional revenue as a 
benefit and the others omit it. 

Consider the comparative effect of the 
several variables individually. First con- 
sider the network versus the overhead 
line. With a few minor exceptions all 
networks favor the secondary capacitor 
whether the item of revenue is allowed 
or not. With many of the overhead 
lines, on the other hand, the secondary 
capacitor cannot be justified. The rea- 
sons for this are more or less evident. 
The value of released transformer ca- 
pacity in a secondary network, in most 
cases, is worth considerably more than 
transformer capacity on poles. Also 
underground primary feeder capacity is 
worth considerably more per kilowatt 
than overhead lines in many cases. Ac- 
centuating these effects there are also 
the contributing factors that 13.8-kyv 
capacitors cost substantially more than 
do 4-kv units. Also the lowest cost of 
all secondary capacitors is the five-kva 
unit used on the secondary network (see 
figure 3). 

In virtually all cases the lower power 
factors favor the secondary capacitor to a 
much greater extent than do the higher 
power factors. This is particularly true 
at light load densities and with the smaller 
conductor sizes. 

The effect of load density is especially 
interesting. On the overhead lines, it is 
only at the very light load densities that 
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Figure 27 


The above diagram shows the vector relations 
existing between the pertinent quantities 
when capacitors are used to release capacity 
when kilovolt-ampere demand is the limiting 
factor. For any capacitor correction having 
a rating of Ckva, the above relation for ATe 
is the additional kilovolt-ampere which can 
be carried at the initial load power factor 
without exceeding the nominal 100 per cent 
kva. In the above relation the values of kva, 
or Ckva may be expressed either as such or as 
percentages 


secondary capacitors can be justified, in 
many cases even though additional reve- 
nue is allowed. In the case of the net- 
work, while secondary unit nearly always 
is justified, the maximum benefits like- 
wise occur at the lighter load densities. 

The influence of transformer size 
varies. On overhead lines, in many cases 
the additional benefits increase with size 
of transformer, while in other cases there 
is an optimum size varying from 10 to 30 
kva. With the networks the value of 
additional benefits decrease with trans- 
former size. 

Large conductors appear to offer less 
benefits than do small conductors on 
radial feeders, but on the network feeders 
the reverse is true. As would be ex- 
pected, the greater the ratio of trans- 
former kilovolt-amperes to diversified 
peak kilovolt-ampere demand, the less 
attractive are secondary capacitors. 


Conclusions 


While the results of this study, as in 
all economic studies of this type, have 
greater comparative value than absolute 
value when applying to specific systems, 
they do establish the following general 
conclusions: 


1. On underground secondary networks, 
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Particularly those served from primary 
voltages of 11-kv or greater, the secondary 
capacitor appears to have an important 
field of application. 


2. On conventional overhead systems, 
particularly those having primary voltages 
of 6,900 volts or less, the secondary capaci- 
tor has a very limited field of application. 
It is doubtful if secondary capacitors can be 
proved in on any overhead line except in 
cases of rather low power factor. How- 
ever, on overhead systems incorporating 
banked secondaries, since many of the in- 
herent advantages of secondary capacitors 
on low-voltage networks are duplicated, the 
secondary capacitor in many cases may 
| easily be proved in. 


3. Low power factors establish conditions 
on any distribution system—network or 
_radial—which strongly favor secondary 
' capacitors. 


4. Secondary capacitors must be applied 

_ with considerable care—much more so than 
primary capacitors—if the hypothetical 
calculated benefits are to be _ realized. 
Accurate setting of the contact-making 
voltmeter and the compensator together 
with proper location and size of the second- 
ary units are very essential to obtain the 
calculated additional benefits. 


5. If economic analysis shows that a 
secondary capacitor adjacent to a distribu- 
tion transformer cannot be justified, only 
a cursory analysis is necessary to show that, 
under the same circuit and load conditions, 
a large number of smaller units adjacent to 
meter boxes likewise cannot be justified. 
This is owing to the rapid increase in cost 
per kilovolt-ampere as the size of the unit 
comes down (see figure 3). It is somewhat 
doubtful under any circuit or load conditions 
if a plan incorporating a number of small 


units located at meter boxes could ever be 
justified. 


Appendix 


Releasing System Capacity With 
Capacitors Where Voltage Drop 
Is the Limiting Factor 


The kilowatt carrying capacity of any 
part of a system, such as a distribution 
feeder, where the limitation on capacity is 
voltage drop, is: 


10 kv? v 
kw, = ————_ 1 
ee R-+ X tan 6 (1) 


= allowable per cent volts drop 


R= total resistance in ohms 

X = total reactance in ohms 

Cf = uncorrected power factor angle 
kv = line kilovolts 

kw) = kilowatt capacity 


If the allowable drop v is increased by an 
amount A, per cent for one reason or 
another, the increase in kilowatt capacity 
is 


10 kv? A 
Saar as to figure 26) (2) 


Akwy = 

If a primary capacitor is applied at the 
end of the line (or at a distance corre- 
sponding to R and X), the per cent voltage 
rise due to the capacitor is 


Ckva X 
= SS 3 
a 10 kv? (3) 


Ckva = 


kilovolt-amperes of capacitor 
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Figure 28 
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For 115-volt second- 
aries the voltage rise 
should be multiplied 

by two 
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and the resultant kilowatt capacity of the 

line is: 

10 kv? (v + Av) 

Xtand) + R 

10 kv? v + X Ckva 
X tan0o9 + R 


kw, = (4) 


A specified amount of primary capacitor 
correction gives a definite voltage rise on 
the feeder. If this same kilovolt-amperes 
of primary correction is applied to the 
secondary side of the distribution trans- 
formers and if it is uniformly distributed in 
proportion to the distribution transformer 
capacity, there will be an additional per 
cent voltage rise due to the transformer 
reactance of 


n Ckva j 

Y= t Tkva (5) 

XxX; = transformer reactance in per cent 

Ckva = total capacitor correction in kilo- 
volt-amperes 

Tkva = total installed transformer kilo- 


volt-amperes 


This additional voltage rise is not effec- 
tive in increasing the line kilowatt capacity, 
however, unless it is confined to that portion 
of the feeder beyond the transformer loca- 
tion at which the feeder voltage drop is 
equal to the voltage rise in the transformer 
effected by the capacitor. If this method 
of applying the secondary unit is adopted, 
the additional voltage rise will be: 


ey: Ckva (6) 
cae Thea) ek 
where K is defined by the relation 
(Ckva) X, 
Ke =k 7 
M5 (Tkva) 10 7) 


The additional increase in primary line 
kilowatt capacity accruing from secondary 
over primary capacitors is therefore: 


AE - 20 kv? Ckva X, (8) 
we orece Kian ROX 


If the peak diversified demand on the 
feeder is Kvao before correction, then 


Tkva = n Kvay (9 


where n is the ratio of installed transformer 
capacity to diversified demand. Also: 


Ckva = Rkva (10) 


where Rkva is the average reactive kilovolt- 
amperes on the feeder during a 24-hour 
period. 

Figures 5 and 7 are plots of equation 5 
for transformers on overhead lines and 
secondary networks, respectively. These 
curves show the voltage rise effected by 
capacitors for various amounts of capacitor 
correction. It is assumed in each case that 
the feeder power factor has been corrected 
to unity and that » = 2, a fairly representa- 
tive value for most distribution feeders. 
It may be noted that the maximum voltage 
rise is about one per cent for transformers 
on overhead lines and about two per cent 
for transformers in secondary networks. 
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Releasing System Capacity With 
Capacitors Where Temperature 
Rise Is the Limiting Factor 


The capacity of generators, transformers, 
etc., is usually limited by temperature rise, 
that is, kilovolt-ampere demand, rather 
than by voltage drop. Figures 26 and 27 
illustrate the difference in these two limiting 
factors vectorially. In figure 26, Akwo is 
the additional kilowatts that can be carried 
after adding capacitor correction Ckva, with 
exactly the same voltage drop as obtained 
before correction. Akuy is always assumed 
to be added at the uncorrected power factor 
angle, 6. In figure 27 Akva is the additional 
kilovolt-amperes at power factor 6 which 
can be added after correction without the 
net resultant kilovolt-amperes exceeding the 
initial. 

In general, for a given amount of capaci- 
tor correction, the released capacity, where 
voltage drop is the limiting factor, usually 
substantially exceeds that where kilovolt- 
ampere demand is the limiting factor. 

In figure 26, 


Ckva 


tan 6 + R/X of 


Akwy = 


The values R and X are resistance and 
reactance from the substation to any par- 
ticular capacitor installation having a value 
Ckva and Aku» is the released capacity for 
that particular installation: or R and X 
may be considered the resistance and re- 
actance to the load center if Ckva equals 
the total capacitor correction. In equation 
11, Akwo and Ckva may be expressed either 
as kilowatts and kilovolt-amperes or as per 
cent. 

In figure 27, 


" (Ckva) . 
AKva = [ (2. sin 6 — 1) ok 


(Ckva)? 
il ss Gheaek Tkva K (12) 


Ckva = capacitor correction 

Kva = released kilovolt-ampere capacity 
Tkva = transformer kilovolt-ampere ca- 
pacity 

uncorrected power-factor angle 


D 
Il 


On a percentage basis equation 12 be- 


b 
a 
I 


(C sin @ — 100) + 
1/100? — C?cos*6 (13) 


cb 
ot 
| 


= per cent released capacity 
per cent capacitor correction 
0 = uncorrected power-factor angle 


Sy 
ll 


In equation 12, AT, and C are percent- 
ages of the kilovolt-ampere capacity of the 
transformer receiving correction, Equa- 
tion 13 obviously applies to any size of 
transformer, substation, etc. 

The value AT, may also be calculated 
as a function of power-factor angles before 
and after correction: 


AT, = —100cos 6[cos 6 + sin @ tan a] + 100 costo 
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§ = power-factor angle before correction 
a = power-factor angle after correction 


INCREASE IN REVENUE 


The increase in kilowatt-hour output 
effected by the voltage rise as calculated in 
equation 6 is usually assumed to increase 
as the 1.6 power of increase in average volt- 
age level over a 24-hour period, On this 
basis the additional kilowatt-hours due to 
secondary capacitors as compared with 
primary capacitors will be 


xe 1.6 
(Ckva) i + 100 
Akw-hr =| {| (Tkva)K 2 eal 
100 
kw X L.F. X 8,760 (15) 
kw) = peak feeder kilowatts 


Eee load stactor 

This additional kilowatt-hour output is 
usually evaluated at $0.02 per kilowatt-hour 
and capitalized at 12.5 per cent per annum. 


Discussion 


J. D. Stacy (General Electric Company, 
Pittsfield, Mass.): Mr. Starr’s excellent 
paper re-emphasizes the extensive applica- 
tion forcapacitors on central station systems. 
It is interesting to note that a large number 
of utilities throughout the country have 
applied capacitors with considerable savy- 
ings— 

1. Because of improvement of voltage conditions 


which has deferred installation of new feeders, 
feeder positions, cable, etc. 


2. Because.of release of substation capacity. 


3. Due to reduced losses. 


This extensive application has been the 
result of several important factors: 

First, the improvements in capacitor de- 
sign and reliability which have been effected 
during the last 10-12 years. 

Secondly, the simultaneous marked te- 
ductions in installed cost of capacitors dur- 
ing the same period. 

Capacitor design improvements have 
covered not only improvements in paper, 
foil, and the other solid materials used, but 
principally the substitution of chlorinated 
diphenyl for the oil previously used, The 
new liquid has: 


(a) Reduced the size and weight of capacitors 
because of its considerably higher dielectric con- 
stant compared with that of oil. 


(b) Increased the dielectric strength not only 
because of its own higher dielectric strength, but 
because of the improved distribution of voltage 
stress through the dielectric resulting from the 
fact that the dielectric constant of liquid and 
cellulose are practically the same, 


In addition, careful attention to the proc- 
ess of vacuum drying and impregnation 
has been a considerable factor in bringing 
quality to its present high level, 

As a consequence of these factors and the 
standardization of ratings, capacitor in- 
stalled costs have been reduced 


sharply 
during the last ten years. 


The average 


tan? @ 


cos? 6 


1+ 2tan @ tan a —tan?@ + 
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cost per kilovolt-ampere of capacitors of all 
voltages is now approximately 36 per cent 
of that in effect in 1929—a reduction of 64. 


per cent. 


L. M. Olmsted (Duquesne Light Company, 
Pittsburgh, Pa.): Mr. Starr’s paper very 
ably indicates the field in which secondary 
shunt capacitors are more attractive eco- 
nomically than primary capacitors. In order 
to secure the utmost advantage for the 
secondary capacitors, he has assumed that 
the capacitors will be used only on trans- 
formers far enough from the feeding point 
that the rise in voltage caused by the ca- 
pacitive current will not raise the secondary 
voltage above that of the transformers at 
the feeding point. In this way he makes 
effective the additional voltage correction 
through the reactance of the more remote 
transformers to offset primary-circuit volt- 
age drop, thereby increasing the load- 
carrying ability of the primary circuit be- 
yond that possible with the same capacity 
in primary capacitors. 

While such a practice is workable, it 
would require continual supervision to 
keep it in proper relationship to the system 
changes which invariably accompany cir- 
cuit extensions and load growth. This 
additional supervision would be a disad- 
vantage, tending to reduce possible econo- 
mies, particularly on the usual overhead 
radial system, with numerous small trans- 
formers. Underground systems, having 
larger transformers, generally receive more 
careful supervision and probably would 
have the capacitors relocated as required. 
It is fortunate, therefore, that the field of 
economic application for secondary ca- 
pacitors is limited mostly to underground 
systems. 


F. M. Starr: I agree with Mr. Olmsted 
that the method described in this paper for 
obtaining some additional feeder kilowatt 
carrying capacity by means of secondary 
capacitors, necessitates very careful applica- 
tion engineering, and would require con- 
tinual supervision and checking. This is 
one of the intangibles which’ would tend to 
discourage the use of secondary capacitors 
if economic advantage were on the border 
line, 

In closing, I should like to emphasize 
one further point: In the paper 220-volt 
capacitors were compared with 4,000-volt 
capacitors, and 208-volt capacitors were 
compared with 13,000-volt units. In spe- 
cific cases it might be desirable to compare, 
for example, 440-volt capacitors with 
6,900-volt units. There are several other 
comparisons which it might be desirable to 
make in specific cases. It is well to note, 
therefore, that any general conclusions 
drawn here do not necessarily apply in 
some of these specific comparisons. It is 
further of interest to note in connection with 
these comparisons that any very substantial 
change in the price of capacitors, which 
might be brought about by some new de- 
velopment, would again change the eco- 
nomics and conclusions of this problem. 
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HE PROBLEM of bus differential 

protection is receiving increased 
“tention by relay engineers because of 
me serious consequences of a bus fault. 
=veral cases of bus faults have recently 
>curred indicating that regardless of care 
sed in the design of structures, some un- 
xpected failure or accident may cause a 
‘sastrous outage. In spite of the many 
aprovements that have been made in the 
rotection of transmission lines in recent 
2ars, little attention has been given to the 
rotection of station busses. This has 
=en due partly to the impression that 
ley were not particularly subject to faults 
1d partly to the feeling that the protec- 
ve relays would do more harm than good 
mrough incorrect tripping. Recent ex- 
=riences, however, indicate that a bus 
ult, though of infrequent occurrence, can 
use mutch greater damage and a longer 
itage period than many transmission line 
ults. Also, high-grade performance has 
2en obtained when a bus protective 
heme is properly installed with due con- 
deration given to the many factors which 
ight lead to faulty operation. The pur- 
se of this paper is to discuss some of the 
aportant factors to be considered in bus 
fferential protection and the operating 
iaracteristics and results of a field test 
1a new bus differential relay. 
The differential relaying scheme for 
-otecting a station bus does not differ 
principle from that which has long 
sen used for the protection of a generator 
- transformer bank. That is, current 
ansformers are located in all connections 


per number 39-31, recommended by the AIEE 
mmittee on protective devices, and presented at 
e AIEE winter convention, New York, N. Y., 
nuary 23-27, 1939. Manuscript submitted 
yvember 12, 1938; made available for preprinting 
~cember 29, 1938. 
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NN is design engineer with the Westinghouse 
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to the bus and a summation of all the 
secondary currents is made (figure 1). 
Under load conditions or for an external 
fault the summation of all the currents 
should equal zero, and, therefore, no cur- 
rent should appear in the operating wind- 
ing of any relay connected across that 
circuit. For an internal fault, assuming 
faithful current-transformer response, the 
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FEEDERS AND SOURCES 


Figure 1. Differential protection for a six- 
circuit bus using an overcurrent differential 
relay 


total amount of the short-circuit current 
should appear in the operating winding 
of the protective relay. 


Current-Transformer Performance 


A-C SATURATION 


In the case of a fault occurring external 
to the differential zone, the operating 
coil of the relay would receive no current 
whatsoever, if the performance of the 
current transformers was perfect. Actu- 
ally, current often does appear in the 
operating coil of the relay upon the oc- 
currence of external faults because of 
unfaithfultransformerperformance. Any 
one or more of the current transformers 
involved may be affected by a-c satura- 
tion because of insufficient iron in the 
current transformer core, an insufficient 
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number of secondary turns, or excess 
burden in the secondary circuit for the 
magnitude of current involved. In gen- 
eral, the effect of a-c saturation has not 
been found to be particularly bad for 
differential relay protection. 


D-C SATURATION 


A second and more important factor 
affecting current-transformer perform- 
ance, which has not been fully appreci- 
ated, is that arising from the effect of the 
d-c component of asymmetrical faults. 
The introduction of faster operating 
differential relays has brought this prob- 
lem to the front, since with the slower 
operating relays formerly used, the 
effects of the d-c transient were over 
before tripping could occur. The effect 
of the d-c component of an asymmetrical 
current wave is such as to aggravate the 
saturation of current transformers to a 
far greater degree than the corresponding 
a-c component. The effect of this d-c 
component on the current transformer is 
to magnetize the current transformer 
core with a unidirectional flux which thus 
gives rise to the term d-c saturation of 
current transformers. The degree of this 
effect depends upon the d-c time constant 
of the primary circuit, the resistance and 
inductance of the secondary circuit of the 
current transformer affected, the amount 
and magnetic characteristics of the core, 
the ratio of the current transformer, and 
the magnitude of the primary current, 
The degree of d-c saturation is greater 
for the longer d-c time constants. This 
makes the problem more difficult, par- 
ticularly for the protection of generator 
busses, since the time constant for a large 
generator may be as great as 0.3 seconds. 
High-voltage busses will, in general, have 
a time constant less than 0.3, ranging in 
value from approximately 0.13 down to 
0.05, or even less if the bus is located a 
considerable distance from the generating 
station. 


MATCHED CURRENT TRANSFORMERS 


On first thought it would seem practical 
to insure adequate performance of current 
transformers for differential protection 
by making all of the current transformers 
alike. However, it is found that even 
with standard current transformers built 
to the same specifications, there still re- 
mains some difference in their perform- 
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Oscillogram showing effect of d-c 
saturation 


Figure 2. 


ance when subjected to asymmetrical 
short circuits. This is because their 
saturation curves will not match ex- 
actly at the high values of d-c excitation 
involved. Another reason why dupli- 
cate standard current transformers used 
throughout will not always give satis- 
factory performance is because the total 
short-circuit current may flow out to an 
external fault through one current trans- 
former, but may be divided up among 
several current transformers in the leads 
to the bus from the various sources. For 
example, with a generator bus having two 
generators and two bus-tie breakers, an 
external fault of 60,000 amperes on a 
feeder may be divided up into 20,000 
amperes feed-in through each bus-tie 
breaker and 10,000 amperes from each 
generator on the bus section. Obviously 
the current transformer in the outgoing 
feeder which must carry 60,000 amperes 
will be operating on a different portion 
of the saturation curve than the current 
transformers on the incoming leads. 
Therefore, unless the current transformer 
in the feeder circuit has been designed so 
that it will not saturate with an asym- 
metrical short circuit of 60,000 amperes, a 
difference or operating current is bound 
to occur for this type of fault in spite of 
any effort made to match the current 
transformer characteristics for symmetri- 
cal currents. 

A more complete discussion of the 
effect of d-c transients on current trans- 
former performance is available else- 
where.! However, no simple method 
has yet been made available which can be 
used to determine accurately the magni- 
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PRIMARY CURRENT 


TEST TRANSFORMER * 1 


TEST TRANSFORMER *2 


DIFFERENTIAL CURRENT 


tude and duration of the difference in 
current transformer output for these 
conditions. 

Figure 2 shows an actual test film in 
which two differentially-connected trans- 
formers were caused to saturate by d-c 
transient current. It may be noted 
that the outputs of the two test current 
transformers differ from each other, 
particularly through the first three posi- 
tive peaks, and that during this time the 
difference current is a maximum. Also, 
neither secondary current records a true 
picture of the actual primary current. 
The correct value of the d-c component is 
obviously not reproduced. Measure- 
ments on the film also show that for the 
seventh cycle the a-c component for test 
current transformer number 2 was only 
83 per cent of the true value. 


BLOCKING RESISTORS 


One means of controlling the amount of 
difference current which may flow is by 
inserting a definite amount of fixed re- 
sistance in the difference or operating 
coil circuit. A  well-accepted practice 
for improving the performance of differ- 
ential protection has been the reduction 
and balancing of lead impedance in the 
secondary circuit and the increase of 
impedance in series with the differential 
relay. For example, many operating 
companies make a practice of running all 
current-transformer secondary leads in 
the differential circuit to a bus out in the 
switch yard, when only a single-element 
overcurrent relay is used, and then bring- 
ing to the relay only the necessary leads. 
This results in a minimum of secondary 
lead resistance to each current trans- 
former secondary and does increase the 
burden in the differential circuit by the 
extent of the lead resistance to the relay. 
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Several recent installations have ex- 
tended this principle by the addition of a 
resistance in series with the operating 
winding of the differential relay in order 
to decrease the current through this path 
in case of an external short circuit. Re- 
cent tests have indicated that with 
ratio differential relays some discretion 
must be observed in the magnitude of 
resistance to be introduced in the differ- 
ential circuit or failure to trip for an 
internal fault might result. This comes 
about from the fact that the secondary 
voltage of the current transformers re- 
quired to force the differential current 
through the excess burden may reach a 
high value. As a result, the poorer cur- 
rent transformer may not be able to de- 
velop this voltage and is subjected to a 
reversal of current through its secondary. 
In other words, one current transformer 
may actually have its secondary current 
reversed so that a differential relay having 
restraint windings wound on the same 
magnetic circuit would not have the re- 
straint torque canceled out, as should 
occur on an internal fault with this type 
of relay. Therefore, a failure to trip 
might easily occur, if the impedance in 
series with the operating winding is too 
high. 

Figure’ 3 illustrates a test condition 
wherein too much impedance was used in 
the differential circuit for an internal fault 
condition. The polarity of connections 
was such that had both current trans- 
formers performed correctly, the loops 
of the current wave of current trans- 
former number 1 would have dove-tailed 
with the primary current wave, while the 
wave for current transformer number 2 
would have been exactly opposite in 
phase. For the first two cycles, current 
transformer number 1 reversed the cur- 
rent through current transformer number 
2 without excessive wave-form distortion. 
At the end of two cycles, it will be noted 
that current transformer number 2 takes 
control of the circuit, reversing the current 
through current transformer number 1, 
accompanied by a severe distortion of 
wave form. 


Without saturation, the output of the 
two test current transformers should have 
been 126 amperes each, as determined 
from their ratio and the magnitude of 
the primary current. The differential or 
operating coil current, then, should have 
been 252 amperes. An approximation of 
the actual currents flowing at the fifth 
cycle gives values of 61 amperes for cur- 
rent transformer number 1, 75 amperes 
for current transformer number 2, and 17 
amperes for the difference current. This 
means that a 50 per cent ratio differential 
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elay would not have operated for this 
rest, since the ratio of the operating coil 
ent to the smaller restraining coil 
ent is only 28 per cent [(17/61) 
100) = 28 per cent]. 


ifferential Relay Schemes 


The fact that there are many successful 
us differential relays in service at the 
resent time, which are giving a rela- 
ively high degree of protection, does not 
dicate necessarily that difficulties will 
ot be encountered on other systems or on 
ese systems when future changes are 

ade. It is also possible that on some 
f these installations an improper opera- 
ion may yet occur because of the proper 
jombination of circumstances. Other- 
vise, the satisfactory performance of 
xisting installations has resulted from 
iither a sufficiently high current setting 
ir a long enough time to allow the tran- 
ient to subside. Either of these factors 
ends to make a simple overcurrent relay 
atisfactory. There have been cases of 
alse operation on a through fault involy- 
ag d-c transient in which it is recognized 
hat one or the other of these factors was 
ot sufficiently high. 

The magnitude of a phase-to-ground 
ault where a limited current exists 
iften determines the setting of a differ- 
ntial relay. In such an application the 
se of a restrained or ratio differential 
play would lessen the tendency for incor- 
ect relay operation for heavy through 
pults. Of course, as pointed out else- 
here,? sufficient restraining windings 
nust be provided so that on an external 
ult, short-circuit current must pass 
1rough at least one restraining winding. 
hat is, current transformers must not 
2 paralleled in such a manner that ona 
arough fault on one of these circuits 
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PRIMARY CURRENT 


TEST TRANSFORMER #1 


TEST TRANSFORMER *2 


DIFFERENTIAL CURRENT 


current would circulate between the 
secondaries of the two paralleled current 
tranformers. Under this condition only 
the difference in the outputs of the two 
current transformers would flow through 
a restraining winding and the operating 
winding in series, and the relay would 
operate as a sensitive overcurrent relay, 


MULTIPLE RestRAINT RELAYS 


Schemes have been proposed for ob- 
taining a restraining winding for each 
circuit connected to a bus. One of these 
is to build a relay with numerous re- 
straining elements operating on a com- 
mon shaft. This method is undesirable 
from the standpoint of added complexity 
and practical considerations. For ex- 
ample, if six or more restraining elements 
are made to operate on one shaft, the 
length of the shaft becomes unwieldy 
and serious mechanical problems are 
introduced. The same results may be 
achieved by applying two or more ratio 
differential relays having three restraining 
windings and so connected that one 
restraining coil is available for each cir- 
cuit and both relays must close their con- 
tacts to complete the tripping function. 
For many applications the standard 
three-element ratio differential relay, 
such as the type CA-4, is satisfactory. 
An illustration of this scheme is shown 
in figure 4 for a bus having six lines con- 
nected to it. Each circuit has a separate 
restraining winding and the operating 
coils of the two relays are connected in 
series so that on an internal fault both 
relays will close their contacts. 

For more complex bus connections 
the same scheme can be amplified using 
three or more relays per phase, but usu- 
ally a maximum of three relays is all that 
is required, since careful consideration of 
the minimum number of sources that 


Figure 3. Oscillo- 
gram showing effect 
of a-c saturation and 
reversal of one cur- 
rent transformer 
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Figure 4. Differential protection using two 
CA-4 relays per phase 


can be connected to the bus at any one 
time will allow the paralleling of certain 
current transformers. This means that 
for all possible bus setups at least two 
restraining windings will be energized on 
through faults. For example, operating 
conditions may be such that for a time no 
sources of current are connected to the 
restraining windings of one of the two 
relays. Upon the occurrence of an ex- 


. ternal fault this relay would then prob- 


ably close its contacts. The other relay, 
however, would have its restraining 
windings energized in accordance with 
the current flowing from the active 
sources to the fault so that its correct 
performance in failing to close its con- 
tacts during an external fault would pre- 
vent a false tripping operation. 


VARIABLE RATIO CHARACTERISTICS 


The problem becomes more involved if 
the ratio of maximum through fault 
current to minimum internal fault current 
is large. For example, if the system is 
grounded through an impedance, the 
operating coil current may be quite 
limited for a phase-to-ground fault on 
the bus. If the magnitude of this current 
in per cent of normal load current is 
small, a high-sensitivity relay will be 
required (high sensitivity being synony- 
mous with low percentage ratio). Upon 
the occurrence of an external interphase 
fault, however, the current will not be 
limited by the grounding impedance. If 
unfaithful current-transformer perform- 
ance results from these higher currents, 
it is quite likely that the difference cur- 
rent in per cent of the through or restrain- 
ing coil current may be high enough to 
cause the relay to trip. It is obvious 
from these considerations that the ideal 
relay for this application should have a 
variable ratio characteristic. Its per- 
centage ratio should be low at normal 
currents to furnish sensitive operation 
for minimum internal faults. Its per- 
centage ratio should be high, correspond- 
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ing to reduced sensitivity, at the higher 
fault currents to prevent false tripping on 
through faults. A relay having a vari- 
able ratio characteristic is now available. 
The operating characteristic curve of this 
relay is not a straight line such as is 
usually connected with the ratio differen- 
tial relay, but has a bent or “‘flared”’ 
characteristic. Typical curves for this 
relay are illustrated in figure 5. 

The ordinary remedy of providing a 
sensitive ground relay together with less 
sensitive phase relays is not the universal 
answer to the above problem, particu- 
larly where d-c transients are involved. 
In such an application, the occurrence 
of an external three-phase fault will re- 
sult in maximum, or very nearly maxi- 
mum, d-c component in at least one of 
the three phases. The current trans- 
formers in this phase will saturate more 
severely than those in the other two 
phases receiving less d-c component. 
The resulting unbalance in the secondary 
currents will flow through the ground 
relay circuit, and thus tend to cause false 
operation of a sensitive relay. 

The problem of securing the flared 
characteristics, as illustrated, is quite 
involved in a multirestraint relay where 
the torques vary approximately as the 
square of the current. In the standard 
type CA-4 relay there are three restrain- 
ing windings and one operating coil wind- 
ing which have been so proportioned on 
their respective electromagnets to give 
approximately straight-line characteris- 
tics. It would appear, on first sight, 
that in order to bend the straight-line 
characteristic it would only be necessary 
to increase the turns on the operating 
coil to increase the sensitivity of the relay 
at low restraint currents, and then allow 
the operating element to saturate in 
order to obtain lower sensitivity at higher 
fault currents. Such would be the case 
provided that the particular restraint 
conditions could be chosen and held con- 
stant, which they obviously cannot be. 
For example, if 60 amperes secondary 
were involved in a through fault and this 
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current was equally divided between the 
three restraining windings, the torque per 
restraining element would be propor- 
tional to 3(20)? = 1,200. On the other 
hand, if the current were divided be- 
tween two restraining windings, 30 am- 
peres in each, the restraining force would 
be proportional to 2(30)? = 1,800. If the 
total secondary current flows in only one 
restraining winding, the torque would be 
proportional to 1(60)? = 3,600. Ob- 
viously, there is a vast amount of dif- 
ference between these three quantities 
themselves and between them and a host 
of other conditions which may be set up 
involving various unequal distributions of 
restraining-coil currents. The problem 
is also complicated by the fact that the 
restraining elements themselves tend to 
saturate at the high currents in a reason- 
able relay design so that the torque per 
element departs from the square law at 
the high currents. This explains why it 
was found that while the relay character- 
istic could be bent quite sufficiently for 
the conditions of maximum restraint by 
simple saturation, the same bend in the 


~ curves did not apply for conditions giving 


minimum restraint. 


A New Bus Differential Relay 


The fact that either one, two, or three 
restraining circuits per relay might be 
energized, and thus cause the above 
variations, led to the development of the 
type CA-6 relay in which no less than two 
restraining elements could ever be ener- 
gized regardless of variation in system 
connections or location of the fault 
(figure 8). The internal arrangement of 
the restraining circuits of this relay is 
shown in figure 6. It is this particular 
modification of the standard three- 
restraining-element ratio differential relay 
which gave the bent operating curves of 
figure 5. It may be seen from inspection 
of figure 6 that if current flows in only one 
of the restraining circuits of this relay, 
at least two of the restraining electro- 
magnets are energized. This is ac- 


Figure 5. Operat- 
ing characteristics of 
variable-ratio type 


CA-6 relay 


50 60 70 
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complished by winding each of the re- 
straining elements with two separate 
windings as shown in the diagram. Cur- 
rent flowing into one of the windings of 
the restraining element must also flow 
through the other winding of another re- 
straining element. These windings have 
an equal number of turns so that they are 
equally effective. 

The polarity marks shown indicate the 
respective ends of the two windings of 
a single element into which the currents 
must flow in order for their effect to be 
additive. That is to say, two currents of 
five amperes each flowing into the po- 
larity ends of two windings on one element 
give the same effect as ten amperes 
flowing in only one of these windings. 
At the same time, if a current of five 
amperes flows in at the polarity mark 
of one winding and another in-phase 
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current of five amperes flows in at the 
nonpolarity mark of the other winding 
on the same element, the net resulting 
effect is one of cancellation and no torque 
is produced. 

Referring to figures 4 and 6 for the 
standard and special relays, respectively, 
and assuming a total of 50 amperes 
secondary for the external short-circuit 
current, this current may be divided in 
numerous ways between the circuits indi- 
cated. By assuming a torque propor- 
tional to the square of the current in each 
of the restraining windings for both the 
standard and the special relay, it will be 
found that there is considerably less 
variation in restraining torque between 
minimum and maximum conditions for 
the special relay than there is for the 
standard relay. This feature made it 
possible to follow the approach mentioned 
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Figure 7. Torque-current curves of variable- 
ratio differential relay 


previously which involved increasing the 
turns of the operating element to increase 
the sensitivity at low values of restraint 
current, and to obtain reduced sensi- 
tivity at the higher restraint currents by 
allowing the operating element to satu- 
rate. The reduction in variation between 
maximum and minimum conditions of 
restraint made possible a smaller varia- 
tion between the operating curves at the 
higher restraint values, as shown on 
figure 5. 

The torque curves shown in figure 7 
indicate torque in centimeter-grams of the 
operating coil for various difference or 
operating currents and the torque per 
winding of each restraining element for 
various restraining currents. These 
torque curves may be used for construct- 
ing the operating characteristic of the 
relay for any particular division of re- 
straining coil currents which may be 
chosen. Actually, in obtaining the oper- 
ating curves shown, data were taken for 
seven different conditions intended to 
represent all possible divisions of a given 
fault current with respect to the restrain- 
ing circuits and with respect to the di- 
rection in which this current might flow. 
It was found that test curves for any one 
of these conditions could be reproduced 
by calculated curves obtained by the use 
of the torque data of figure 7. Thus, the 
percentage ratio of the relay may be 
calculated for any given set of conditions. 
It will be found that the calculated ratio 
for any condition will fall between the 
limits indicated on figure 5. 

The maximum condition of figure 5 is 
incurred when the fault current of ind1- 
cated value flows in one restraining cir- 
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cuit only and flows out of the relay 
through the common connection to the 
other relay. The minimum condition 
shown represents two equal currents 
flowing into the relay in two restraint 
circuits and flowing out of the relay 
through the remaining restraint circuit 
without any current coming through the 
common connection to the other relay. 
In this case, the abscissa represents the 
total fault current, which is the sum of the 
two equal and smaller currents. 

The time of operation of the relay may 
be as low as four cycles for internal faults 
based on one-fourth inch contact travel. 
A somewhat shorter operating time can be 
obtained with a correspondingly smaller 
contact separation, 


System Tests 


SYSTEM CONDITIONS 


Tests on the relay, which has been de- 
scribed, were made under conditions 
similar to those that would exist if it 


Type CA-6 relay 


Figure 8. 


were installed to protect a 66-kv bus at a 
large generating station. Conditions 
simulated were as shown in figure 9 and 
consisted of five sources representing sup- 
ply from four transformer banks and a 
bus-tie breaker, and four transmission 
lines. The current transformer for only 
one of these four lines was used, since it 
was assumed that a fault would exist on 
only one of the lines at a time. Maxi- 
mum symmetrical currents for a feeder 
fault are shown, as well as the cross- 
sectional area of the current transformers 
in the various locations, and the manner 
of connecting them to the relay coils. 
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Test Setup and Test Procedure 


Because of the extremely high fault 
currents (21,000 amperes at 66 kv) it was 
undesirable to make the tests under actual 
conditions. The method used is shown 
on figure 10 in which the current trans- 
formers, instead of operating on 66-kv 
current received 11-kv current, thereby 
reducing the necessary test current to one- 
sixth. The test current was further re- 
duced by winding additional primary 
turns through the bushing-type current 
transformers. By this means, it was 
possible to so arrange the number ; of 
turns through the current transformers to 
correspond to the amount and division 
of fault current from the various sources 
involved, and at the same time keep the 
values of fault current well below the full- 
load rating of the equipment being used 
for tests. Reversing switches were used 
in the secondaries of the current trans- 
formers so that it was possible to repre- 
sent both bus faults and through faults 
in various locations. 

Figure 9 shows the bus setup, fault 
currents, and relay connections for one 
particular condition. By means of the 
switches mentioned above, and by vary- 
ing primary turns in the current trans- 
formers, other operating conditions in- 
volving different bus connections, differ- 
ent magnitudes and distribution of fault 
current, and different fault locations were 
simulated. 

Since the time required for the d-c 
component to decay is a function of the 
inductance and resistance of the circuit, 
it was necessary for the test circuit to have 
a time constant similar to that which 
would exist during actual fault condi- 
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Figure 10. Diagram of current-transformer 


test circuit 


tions. Constants of the test circuit as 
well as the current transformers used 
with their approximate cross section of 
iron, and their turn ratios, are shown on 
figure 10. The d-c time constant of the 
circuit was approximately 0.10 second. 

The question was raised as to whether 
the time constants of the generator oper- 
ating at reduced field would be the same 
as when operating at normal field. Con- 
clusions were that neither the position 
of the field rheostat nor the value of the 
field current would affect the d-c time 
constant. The a-c time constants would 
be somewhat affected by the position of 
the field rheostat. However, by lower- 
ing the field current by reducing the 
voltage of the exciter and leaving the 
field rheostat in the position correspond- 
ing to full-load voltage, the time con- 
stants would be approximately the saine 
as at full field. These conclusions were 
borne out by the results shown on the 
oscillograms that were taken. The gen- 
erator was operated at reduced. field 
current (40 to 50 amperes) and approxi- 
mately 2,500 volts, compared to 230 
amperes field current and 11,500 volts 
for no-load open-circuit voltage. | This 
value of field current supplied approxi- 
mately 1,400 amperes in the 12-kv ‘leads 
for a symmetrical three-phase short- 
circuit fault. 

Current-transformer ratios were all 
1,000/5. There was a one-ohm resistance 
burden imposed on each current trans- 
former. This is considerably larger than 
would normally be met with in practice, 
but was made large in order to deter- 
mine, if possible, the limitations of this 
relay. 

A total of 32 faults were applied. This 
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was done by first closing the 12-kv oil 
circuit breaker, thus energizing the trans- 
former bank, and then closing the 66-kv 
oil circuit breaker. 

Oscillograph records were taken of the 
currents in the relay coils, as well as the 
exchange of currents between the two 
relays. During the tests only one relay 
was in use, the second relay being repre- 
sented by dummy coils. Figure 11 shows 
an oscillogram taken during an asym- 
metrical through fault; figure 12, a 
symmetrical through fault; and figure 
13 an asymmetrical inside fault. 

As observed by the reference to figure 
10 the tests were made on a single-phase 
basis. In order to make sure that the 
worst asymmetrical or symmetrical con- 
dition, whichever was desired, was ob- 
tained, it was necessary to make a num- 
ber of tests under each fault condition. 
It was found from the oscillograph films 
that by making four to five tests, there 
was good probability of the fault current 
in one ofthese tests being completely 
offset. 


RESULTS 


Figure 11 shows the oscillographic 
record of a test made under conditions 
simulating the operating conditions shown 
on figure 9. The latter figure shows the 
location of the fault, as well as the num- 
ber of sources connected to the bus, and 
the amount and direction of the current 
flowing in the various current transform- 
ers. It will be observed that the primary 
current wave, figure 11, is completely 
offset, indicating maximum d-c transient. 
This wave represents a faithful reproduc- 
tion of both the a-c and d-c components 
of the primary current, and was obtained 
by the use of a high-ratio current trans- 
former shown on figure 10, which did not 
saturate on the current values used. It 
will also be observed that the current 
waves from the current transformers in 
the bus tie, tie line, and outgoing line 
circuits are not faithful reproductions of 
the primary current. It is obvious that 
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neither the d-c component nor the a~ 
component represents the true values 
This is caused by the saturation of the 
current transformer cores by the d- 
component. Also, the current wave 
representing the sum of the currents tc 
the other relay from the other current 
transformers of figure 9 shows the same 
effect. In all cases, the first peak comes 
through fairly well, after which the cur- 
rent-transformer performance is far from 
perfect. Since all the current transform. 
ers involved in the differential circuit de 
not saturate at exactly the same time, not 
to the same degree, a difference or operat- 
ing-coil current results as shown. 

Visual observation of the relay indi- 
cated that the restraint torque was 
strong, and there was no tendency for the 
contacts to close. The contact line on 
the film, occupying the zero position of the 
primary current wave, also shows that the 
contacts did not close. (Closure of the 
contacts would have deflected this line, as 
shown on the films representing internal 
faults.) 

Figure 12 shows another test made 
under exactly the same conditions as for 
figure 11, except that in this case an 
almost symmetrical current was obtained. 
The small amount of d-c component that 
was present, however, is responsible for 
the appearance in the operating-coil 
circuit of the current shown. The mag- 
nitude of this current is considerably less 
than the first peaks shown on the pre- 
ceding figure, the calibration of the oscil- 
lograph element being unchanged. As 
before, the relay did not operate, but 
showed a _ trong restraint torque. In 
this case, the magnitude of the first 
cycle of the a-c component of the fault 
current was measured from the film and 
found to be approximately 25,600 am- 
peres root-mean-square. From the stand- 
point of a-c saturation, this test was more 
severe than the preceding one because of 
the higher current values, yet it is readily 
noted that the performance of the various 
current transformers was much improved. 
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The answer to this is, of course, that in 
figure 12, the test current transformers 
are not performing under so severe a 


handicap imposed by d-c saturation. 


A total of 20 tests were made repre- 
senting through faults under various 
System conditions and for other magni- 
tudes and distribution of fault current, 
Both asymmetrical and symmetrical 
currents were obtained, and, in all cases, 
the relay showed a strong restraining 
torque. 

Figure 13 shows an oscillogram for a 
test representing an internal fault on the 
bus for which the relay should trip. 
For this test, most of the sources were 


considered to be on the other bus, so 


that the bus-tie circuit contributed 
19,800 amperes and generator number 3 
contributed 7,200 amperes to the 27,000- 
ampere fault. 

As in figure 11, the effect of the d-c 
component in causing saturation is im- 
mediately obvious. The value of the 
operating coil current is reduced very 
materially from the theoretical value, but, 
by the same token, the restraint-coil 
currents are also reduced, and positive 
operation of the relay in a fraction over 
four cycles is shown. (The jagged con- 
tact line shown results from a very small 
current being used in the contact circuit 
for the operation of the oscillograph ele- 
ment.) 

A total of 12 tests were made represent- 
ing internal faults under various other 
system conditions. Both symmetrical 
and asymmetrical currents were obtained, 
and, in all cases, the relay operated to 
close its contacts in a positive manner. 


Conclusions 


1. In applying bus differential protec- 
tion, each application must be considered 
carefully with respect to the amount and 
distribution of fault currents, sizes and 
ratio of current transformers, number of 
generating sources, and, consequently, the 
number of restraining coils needed, rela- 
tionship of protected bus to power sources as 
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Figure 13. Oscillo- 
gram for an internal 
asymmetrical fault 
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affecting the amount and extent of the d-c 


component, and other important factors. 


2. The use of two or more standard 
percentage differential relays connected in 
series as shown in figure 4 makes available 
the number of restraining coils necessary 
for most applications. 


3. In those cases where a ratio of maxi- 
mum through fault current to minimum 
inside fault current is large due to high neu- 
tral impedance, relays with special charac- 


teristics as described in the paper are avail- 
able. 


4. System tests which simulate the con- 
ditions actually obtaining in practice demon- 
strated the reliability of the scheme and 
the relay described in the paper. 
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Discussion 


C. D. Hayward (General Electric Company, 
Philadelphia, Pa.): In this paper the 
authors have described some of the special 
problems encountered in the application of 
differential relays to generator bus protec- 
tion, as distinguished from transmission line 
bus or distribution bus protection. Briefly 


Figure 12. Oscillo- 
gram for an external 
symmetrical fault 
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speaking these problems may be summarized 
under two heads as to causes: 

First, in old installations it is usually 
found that the only current transformers 
already available in the feeder circuits are 
ones of low ratio. In case of a feeder fault 
close to the bus these are subjected to cur- 
rents of many times their rating with the 
result that a high degree of saturation and 
consequent breakdown in ratio occurs. In 
the tests described in this paper the authors 
have confined their investigations to 1,000/ 
5-ampere current transformers, but more 
often in practice ratios of 400/5 or 300/5 are 
found. It is evident that much higher 
degrees of saturation and consequent 
greater difficulty in applying a relay of the 
ratio differential type would have been ex- 
perienced had current transformers of lower 
ratio been used. It is highly desirable, of 
course, from a cost point of view to use the 
existing current transformers if possible, 
rather than to install new ones or to rewind 
the old ones for higher ratio. 

The second special problem is that of the 
long time constant of the d-c component of 
the current to a fault near the generators, 
for which the L/R ratio is higher than for a 
transmission line. It is well known to relay 
engineers that the steady-state ratio and 
wave-form breakdown of current trans- 
formers on overcurrent is greatly affected 
by the magnitude of the secondary burden. 
It is not so widely appreciated that the 
fidelity of current-transformer response to 
transient offset primary-current waves is 
also affected by the burden imposed. The 
d-c component of the primary wave induces 
a pulse of direct current in the secondary 
having a magnitude and rate of decay de- 
pending on the secondary burden. By the 
laws of electromagnetic induction the am- 
pere-turns of the secondary d-c pulse oppose 
the ampere-turns of the primary d-c com- 
ponent and d-c saturation of the core is pro- 
duced by their difference. The effect of the 
secondary pulse is always smaller and more 
rapidly decaying than that of the primary 
but approaches it most closely when the 
secondary burden is a minimum. Hence to 
reduce d-c saturation as well as to reduce a-c 
saturation and their effects on the current- 
transformer secondary-current response it 
is desirable to keep the burden applied to the 
current transformers as low as possible. 

A year ago at this convention L. F. Ken- 
nedy and I presented a paper titled “Har- 
monic Current Restrained Relays for 
Differential Protection’? which was later 
published in ELECTRICAL ENGINEERING for 
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May 1938. This paper describes a relay 
employing filter circuits to separate the 
harmonic and d-c pulse components of the 
current presented to it from the fundamental 
line frequency component, using the funda- 


mental component to energize the operating | 
coil and the harmonic and d-c pulse com» | 
ponents to energize the restraining coil. By 
proper adjustment of the per cent harmonic. 


restraint this relay is made to: distinguish 
between differential currents due to internal 
faults which contain relatively low per- 
centages of harmonics and those due to 
current transformer saturation on heavy 
through faults which contain relatively high 
percentages of harmonics. This relay is 
connected in the simple form of differential 
circuit shown in figure 1 of the present paper. 

With this circuit the current-transformer 
secondaries may be connected directly to 
paralleling busses in the switchyard resulting 
in the minimum current transformer burden. 
Only four wires need be run from the 
switchyard busses to the relay panel for a 
three-phase relay setup including ground 
relays regardless of the number of bus cir- 
cuits involved. 

Compare this with the more complicated 
circuit for the ratio differential relay in 
figure 4 or 6. Here a minimum of 19 wires 
is required for a three-phase setup with only 
six circuits. Aside from the cost of install- 
ing and maintaining the extra wires they are 
undesirable because of the additional burden 
which they, together with the relay restraint 
coils, place on the current transformers. 

While high-speed operation may not be 
absolutely necessary in all generator bus 
applications it is never undesirable at least 
and there are many bus applications, trans- 
mission busses particularly, where high- 
speed operation is necessary for stability 
considerations. While the harmonic-re- 
straint relay has an operating time in the 
neighborhood of one cycle, figure 13 shows 
over four cycles for the ratio differential 
relay. Considerable contact bouncing is 
also shown by the jagged trace of the contact 
vibrator. While this would not be serious 
if only one contact were in the circuit, since 
contact arcing would probably allow the 
current to continue to flow after the first 
contact, it might be serious when two or 
more contacts each on a separate relay, are 
connected in series. In this case the circuit 
is not completed when the contacts close 
and bounce open alternately but must await 
a time when all are closed at the same in- 
stant. This effect does not show up on the 
oscillogram because according to the test 
description, only one relay was actually 
connected in the circuit, the other being 
represented by dummy coils. 

In conclusion, we believe that for the 
differential protections of busses as well as 
other equipment the many advantages of 
relays employing the harmonic restraint 
principle should be seriously considered. 


W. A. Lewis (Cornell University, Ithaca, 
N. Y.): As discussed in the paper the 
effect of the d-c transient is the most im- 
portant single problem in high-speed re- 
laying. This was first forcibly realized in 
connection with the high-speed relays at 
Boulder Dam. The problem was given very 
careful study, for transformer and generator 
differential relays. It was found that it was 
relatively easy to predict the design of a 
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current transformer which would not satu- 
rate on the d-c transient, but such designs 
were quite unreasonable to build in a great 
many cases. In typical cases it was found 
that the d-c transient has as much as 100 
times the saturating effect of the correspond- 
ing symmetrical a-c component of the cur- 
rent, that is, 100 times as much flux is 
required to transform the d-c component 
accurately as to transform the a-c compo- 
nent. Itis thus obvious that the ratio curves 
of current transformers taken on sym- 
metrical current, even as high as 20 times 
normal, are entirely unsatisfactory for pre- 
dicting the performance when the wave 
contains the maximum amount of d-c tran- 
sient. In the case of Boulder Dam, the 
maximum symmetrical short-circuit cur- 
rents on external faults were limited to three 
or four times the normal current, and in this 
case it was possible to obtain a solution by 
the use of special current transformers. 


FEEDER 
WITH NO FEEDERS WHICH HAVE 
BACKFEED BACKFEED TO FAULT 


EXTERNAL 
FAULT 


> DIFFERENTIAL 


> CURRENT 
} TRANSFORMER 


GENERATORS 


Schematic diagram of bus differen- 
tial protection 


Figure 1. 


However, suitable transformers were found 
to be four or five times as large as conven- 
tional transformers, and it was obvious that 
this method of procedure was entirely im- 
practicable when the short-circuit currents 
or external faults are very much larger than 
the values encountered in this case. 

It should, of course, be realized that the 
effect of the d-c transient is dependent to a 
large extent upon the rate of decay of the 
transient, or in other words upon the d-c 
time constant. This time constant is rela- 
tively long when the short circuit is near to 
high-capacity generating stations, but is 
reduced very rapidly as the resistance of the 
circuit is increased by the resistance of 
transmission circuits. Thus, danger from 
d-c transient effects is most pronounced in 
the immediate vicinity of large generating 
stations, and is almost nonexistent at dis- 
tribution substations remote from the source 
of generation. 

For any bus differential scheme to oper- 
ate, it is essential that the current trans- 
former carrying the fault current to an ex- 
ternal fault be reasonably good. In the 
most extreme case, it may be visualized 
that a current transformer may saturate so 
severely that the secondary current is zero. 
When this is true, it is not possible to dis- 
tinguish between an external fault and an 
internal fault, and no scheme of bus differ- 
ential protection can possibly operate satis- 
factorily. This may be illustrated by refer- 
ence to figure 1 of this discussion. Assum- 
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ing first an external fault at the location 
marked 1 on the diagram, it will be seen 
that all the fault current must pass through 
the current transformer in the outgoing 
feeder. To simplify the problem, it has 
been assumed that there is no source of 
power at the other end of the feeder, so that 
no current will be fed back from the feeder 
into the fault. Ifit is assumed that the out- 
going current transformer saturates com- 
pletely, so that there is no secondary cur- 
rent, the current in the differential relay will 
be exactly the same as it, would be for an 
internal fault at the location marked 2 on 
the diagram. Obviously, the relay should 
not trip for the external fault and should | 
trip for the internal fault, so that :satisfac- 
tory discrimination depends entirely upon 
the action of the current transformer in the 
feeder considered. It is thus obvious that 
the first consideration must be given to the 
current transformer, and the relay used must 
be designed to take the best advantage of 
the current-transformer characteristics. 
The authors of the paper have given very 
careful consideration to this problem, and 
have shown what can be done when each 
different condition is carefully considered. 

Other schemes of bus differential protec- 
tion which appear simpler have been pro- 
posed. However, as pointed out above, 
none of these can be successful if the current 
transformers are inadequate. In considering 
any scheme which makes use of departures 
of the wave form from a sine wave, it must 
be recognized that, at extremely high satu- 
rations, an iron-core current transformer ap- 
proaches an air-core current transformer 
and, for such a case, the output current will 
again be very nearly sinusoidal, even 
though it is much less than the nominal 
ratio of the current transformer would indi- 
cate. In applying any such relay scheme, 
the characteristics of the output wave and 
the relay must be carefully analyzed, to 
make certain that the proper requirements 
for satisfactory operation are fully met. 

It is obvious that the burden of the relay 
has an effect upon the operation of the pro- 
tective scheme, and the smaller the burden 
the less the saturation will be in all the cur- 
rent transformers. However, it has been 
found that, in current transformers of ratios 
2,000/5 and higher, the internal burden of 
the current transformer secondary winding 
is usually much greater than that of any of 
the relays proposed, and as a result the bur- 
den of the relay used is relatively unim- 
portant in the determination of the current- 
transformer characteristics. Thus, while 
low burden is helpful, it becomes a matter of 


relatively small importance where the 
current transformer ratio is high, and there- 
fore the desirable relay characteristics 


should not be sacrificed in an effort to make 
the burden extremely small. On the other 
hand, where the current-transformer ratios 
are 1,000/5 and lower, the internal burden 
of the current transformer is considerably 
smaller and more effort is justified in reduc- 
ing the relay burden. 


T. W. Trice (Consolidated Gas, Electric 
Light and Power Company of Baltimore, 
Md.): The authors of this paper are to be 
congratulated on the manner in which they 
thoroughly cover the major factors to be 
considered in bus differential protection. 
The way in which the conventional CA-4 


ELECTRICAL ENGINEERING 


telay has been modified is unique and its 
variable-ratio characteristics should make 
this relay particularly adaptable where there 
is considerable variation between minimum 
bus faults and maximum through faults. 

Where the ratio of maximum through 
fault current to the minimum internal fault 
current is not large and two standard CA-4 
relays could be used to cover all operating 
conditions, would it not be possible to use 
one of the modified relays connected as a 
simple ratio differential relay having six 
restraint windings? 

It has been noted that the time of opera- 
tion of the modified relay may be as low as 
four cycles based on one-fourth-inch contact 
separation and a somewhat shorter operating 
time can be obtained with a smaller contact 
separation. Assuming the smallest contact 
separation consistent with reliable perform- 
ance approximately what would be the fast- 

est operating time? 

No mention is made as to whether or not 
any of these modified relays are in service. 
As in every case the final test of any piece 

of equipment is its actual service record and 
a summary of any operating experience with 
this modified relay would be of interest. 


C. O. Werres (General Electric Company, 
Schenectady, N. Y.): Too much emphasis 
cannot be put on the fact that the success 
of differential protection is still very largely 
dependent upon current-transformer char- 
acteristics. This dependence is implied in 
the second paragraph of the article but it 
will bear reiteration. 

The “faithful current transformer’? men- 
tioned is a most difficult but desirable goal. 
Its attainment involves building what has 
often been called the ‘‘ideal’’ transformer, 
that is, one with no errors, or to be more 
practical, negligible errors, throughout its 
entire range of performance. With thisasa 
goal, much progress has been made. This, 
along with several other helpful measures 
listed below, is gradually improving the 
effectiveness and reliability of differential 
and naturally other types of protection: 


(a). Improvements in current-transformer design. 


(6). Determination of overcurrent characteristics 
of current transformers. 


(c). Considering transformer characteristics when 
laying out protective equipments, etc. 


(d). A trend toward lower ratio of fault current to 
current-transformer rating. 


(e). Balancing burdens and keeping them at a 
minimum. 


(f). Inserting resistance in the differential circuit. 


Regarding current-transformer designs, 
the authors point out the difficulty of ob- 
taining matched characteristics at high in- 
ductions from two transformers of the same 
design. The reason for this is obvious from 
B-H curves on core steels which show a 
wide spread between maximum and mini- 
mum characteristics of a given material. 
The safest solution then is to avoid satura- 
tion as was brought out in the Marshall- 
Langguth paper. However, in designing 
standard transformers, some compromise 
must be accepted as it is evident that non- 
saturating transformers to meet every 
condition would be impracticable. A rea- 
sonable specification seems to be to limit the 
ratio error to five per cent at 20 times rated 
current with burden Z. 
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In view of proposals to adopt a ring-core 
construction as a means of approaching the 
ideal, it is pointed out that recent studies on 
various core designs show that for some rat- 
ings the rectangular core can be as good as, 
and more economical than, the ring core if 


Hi secondary is distributed over all four 
egs. 


A. T. Sinks (General Electric Company, 
Lynn, Mass.): The authors are to be com- 
mended for again calling attention to some 
of the idiosyncrasies of current transformers 
and for emphasizing the fact that these 
phenomena must be considered carefully in 
differential relay applications. There are 
some points, however, with relation to their 
proposed ideal relay characteristic which are 
not quite clear. 

The bushing current transformers used in 
the tests described in the paper had large 
cross sections of iron, so that the products of 
the iron cross sections and secondary turns 
were larger than would be normally en- 
countered with instrument-type current 
transformers. Many current transformers 
in use on lower voltage systems will have 
large errors on asymmetrical current waves 
even for rather low currents. Therefore, 
the permissible sensitivity of the relay can- 
not be selected arbitrarily as it depends upon 
the faithfulness of reproduction of the fault 
currents by the current transformers, and 
particularly by the one that carries the total 
current to am external fault. 

From the oscillograms of test and the 
authors’ statement about four-cycle opera- 
tion of the relay, it would appear that at 
least in some of the through-fault tests the 
only reason the relay did not operate was 
because it was not fast enough, as the oscillo- 
gram, figure 11 shows a large value of differ- 
ential current for the first two cycles. With 
a given set of current transformers the period 
during which this false differential current 
may exist can be longer at low currents than 
at high ones. Consequently, the chances of 
this false differential current persisting long 
enough to operate the relay may be greater 
at lower values of primary current. There- 
fore, again why is a higher sensitivity at 
lower currents a desirable characteristic? 

One of the questions which is frequently 
asked and apparently not well understood is: 
“Since the fault is fundamentally with the 
current transformers, why not build them to 
work right?’”’ Some comment on this 
point, therefore, seems in order. 

There are at least two ways of attacking 
this problem which give theoretically ideal 
results as follows: 


1. Use air-cored current transformers with care- 
fully balanced burdens, mutual inductances, and 
secondary-circuit constants. 


2. Put enough iron and copper in the transformers 
to make them accurate up to the desired over- 
current. 


There are, however, practical objections 
to either of these schemes. In the case of 
the first method, very careful balancing of 
the factors mentioned is absolutely essential, 
making each installation a hand-tailored 
job. Saturating burdens except in the 
differential element could not be tolerated. 
The transformers would be entirely special 
and would not be satisfactory for other 
services. 

When an attempt is made to design a cur- 
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rent transformer along conventional lines to 
reproduce asymmetrical waves faithfully, the 
first obstacle encountered is the enormous 
amount of core flux required to generate the 
d-c transient component of voltage in the 
secondary circuit. For instance, in the case 
of a 100 per cent offset wave, 0.1 second time 
constant, and 60 cycles frequency, the core 
flux required for the secondary IR voltage 
associated with the d-c transient is 37.7 
times that required for the a-c component. 
(D-c flux/a-c flux = 29 f X time constant.) 
From this the large amount of iron necessary 
to take care of the d-c component of an 
asymmetrical wave can be readily appreci- 
ated. Nor does reducing the secondary- 
circuit resistance external to the transformer 
help beyond a certain point as the large 
amount of iron means a long length of second- 
ary copper which can only be compensated 
for by making the cross section of copper 
large. This in turn requires more iron and 
so the quantities pyramid. 

All this does not mean that it is impossible 
to design an iron-core transformer to repro- 
duce accurately asymmetrical currents of 
high value, but it does mean that such a 
transformer will usually exceed acceptable 
limits of size and cost. 

It would, therefore, seem that a relay of 
the harmonic-restraint type, which actually 
takes advantage of the peculiarities of the 
imperfect but economically feasible conven- 
tional transformer, is the most practical 
solution yet proposed. 


J. A. Elzi (Commonwealth and Southern 
Corporation, Jackson, Mich.): This paper 
brings up the point that the application of 
relays for bus protection has not been given 
as much attention in recent years as trans- 
mission-line relaying. On the contrary, it is 
our opinion that bus protection has been 
given considerable attention but the factors 
that might cause incorrect operation, and 
which are very well discussed in this paper, 
have been recognized, and in many cases it 
has been found that the hazards involved 
outweigh the advantages to be gained. 
This paper and the results of tests contained 
therein show that these potential sources of 
incorrect operation are important and, in 
general, could not be taken care of with the 
relays available until recently. 

The high-speed clearing of bus faults to 
minimize the damage done due to excessive 
fault currents is only one of the advantages 
to be gained. In some stations, it is equally 
as important to be able to sectionalize the 
bus in case of a fault so that there will be a 
minimum of loss of load and generating 
capacity. The extent to which this can be 
accomplished by a bus protective scheme is 
of course contingent on the arrangement of 
circuits on the bus and the number of sec- 
tionalizing points provided. 

The results of the tests made with the new 
percentage differential relays described in 
this paper would seem to indicate that con- 
siderably more reliable operation could be 
expected from this relay than with some of 
the types heretofore available. The rela- 
tively small amount of current available in 
the differential circuit for the first few cycles 
in figure 13 leads to the question as to 
whether or not the relay would have operated 
in four cycles as indicated if this current had 
been further reduced by diversion to de- 
energized current transformers in parallel 
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with the ones which were supplying this 
current. It would also be interesting to 
know how the cross section of the cores of 
the current transformers used in this test 
compare with those of standard bushing- 
type current transformers usually supplied 
for this service voltage. 


R. M. Smith and W. K. Sonnemann: The 
authors are gratified that the interest in this 
problem has brought forth interesting and 
construct.ve discussion. 

J. A. Elzi contributes a valuable point 
when he asks if the relay would have 
operated in four cycles, as shown in figure 
13, if the operating coil current had been 
further reduced by diversion to de-energized 
current transformers in parallel. The tend- 
ency is in this direction because of the fact 
that those current transformers not subject 
to current in their primaries will draw an 
excitation current in their secondaries de- 
pending upon the voltage across the operat- 
ing coils of the relays and the magnetization 
curves of the current transformers involved. 
This voltage is distinctly limited, however, 
by the saturation characteristics of the 
operating coil circuit. Also, the ‘‘dead”’ 
current transformers, not being affected by 
d-c saturation, will be operating on their a-c 
magnetization characteristics and will draw 
only a very small amount of current. This 
phase of the problem should be considered 
if the number of feeder-circuit current trans- 
formers in parallel is very large, and if their 
ratio islow. The authors feel that the more 
important consideration of this point occurs 
when the relays must trip under normal load 
conditions when a light ground fault occurs 
on the bus. Under this condition the relay 
is much more sensitive, as illustrated in 
figure 5, so that more loss of operating-coil 
current to ‘‘dead” current transformers can 
be tolerated. Ample safety factor has been 
found in applications studied to date, but it 
is felt that this point must not be overlooked. 

The cross section of iron in the test current 
transformers represent typical values for 
present-day 66-kv oil-circuit-breaker bush- 
ings, except that 12 square inches appears to 
bea little large. No definite standards have 
been established in this respect, however, so 
that considerable variation may be found. 

Mr. Hayward mentions that the test 
conditions would have been more severe had 
lower-ratio current transformers been used, 
such as 400/5. It is admittedly true that, 
for a given primary current, and other condi- 
tions remaining the same, a lower-ratio cur- 
rent transformer will be likely to saturate 
more severely. This point has been ad- 
mirably answered, however, in the discus- 
sion by W. A. Lewis in which he points out 
that reasonable performance must be had 
from the current transformer in the faulted 
feeder circuit in order that any type of relay 
may properly discriminate between an in- 
ternal and an external fault. Asa matter of 
fact, a relay of the ratio-differential type, 
having a slight time delay, is less likely to 
operate falsely with low-ratio current trans- 
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formers than a relay of the high-speed (one 
cycle) type. This is because its time delay 
allows the badly saturated current trans- 
former enough time to recover from d-c 
saturation sufficiently to discriminate be- 
tween external and internal faults. 

Mr. Hayward makes the point that it is 
well to keep the secondary burden as low as 
possible in order to minimize the effect of the 
d-c transient in saturating the current 
transformers. If this could be carried to the 
ultimate end so that no current transformer 
in any part of the circuit would saturate, 
then a simple differential relay as indicated 
in figure 1 would suffice. In the majority of 
cases, however, where the d-c transient has a 
long time constant, it will be found prac- 
tically impossible to escape the effect of d-c 
saturation in those current transformers in 
the faulted feeder circuit, even by decreasing 
the lead burden, as has been pointed out. In 
this case, when saturation of the output cur- 
rent transformers is assured, it is a definite 
advantage to have some degree of saturation 
in the input current transformers as well. 
For example, in figure 11 of the paper, the 
traces show definite saturation of the various 
current transformers in the input leads to 
the bus. The degree to which the input 
current transformers fail to hold their ratio 
makes a corresponding reduction in the 
magnitude and duration of the differential 
current. 

The statement made by Mr, Hayward 
that the relative percentage of harmonics 
present in the differential current is sufficient 
to discriminate between external and inter- 
nal faults is somewhat optimistic, in view of 
the findings on a large number of tests. 
With sufficient time delay, a material per- 
centage of harmonics will show up in the 
differential current for an external fault. 
If time delay is introduced, however, the 
relay is no longer a one-cycle relay. In 
figure 2 of this paper, for example, the first 
two cycles of differential current are obvi- 
ously notably lacking in harmonics to any 
great degree. If the relay is sufficiently 
sensitive to harmonics to be adequately re- 
strained from tripping for the first two cycles 
of the differential current of figure 2, then 
there is certainly grave doubt that the relay 
would trip properly when subject to the 
differential current wave form of figure 13 of 
the paper. It may be argued that the lower 
burden of the relay mentioned would do 
much toward improving the wave form of 
figure 13. This is quite true, but, on the 
other hand, the internal burden of the cur- 
rent transformers plus the burden of the 
differential circuit leads to the switchyard 
must still be considered. The experience of 
the authors is that there is practically an 
infinite variety of wave forms possible in the 
differential current, even when some of the 
variable factors are fixed. For example, the 
current-transformer characteristics and bur- 
den values will be fixed for a particular in- 
stallation, but the variable location of the 
fault, involving a variable time constant, as 
well as variable current values, may be 
taken in an infinite number of combinations. 
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Thus, it is impossible to say that any one 
particular wave form is typical of all ex- 
ternal faults. 

Attention has been called to the broken 
nature of the contact line of figure 13, It 
should be borne in mind that for these tests 
it was only desired to get a contact indica- 
tion, and not to trip any breakers. The 
current through the contact circuit was 
extremely light, amounting only to that re- 
quired to operate an oscillograph element, 
and was thus easily interrupted momen- 
tarily. Tests not described in the paper 
were made to establish the fact that two 
contacts in series could be made to pick up 
an auxiliary relay, at 125 volts direct current — 
and four to five amperes, without additional 
delay, and were entirely successful. The 
auxiliary relay is necessary, of course, be- 
cause of the large number of circuit breakers 
which must be tripped. 

The supposition of Mr. Sinks that the 
only reason that the relay described in the 
paper did not trip for some of the external 
faults was because it was not fast enough is 
not correct. It is true that a large value of 
differential current existed for at least two 
cycles; however, a large restraining torque 
existed at the same time. The restraining 
torque was considerably in excess of the 
operating torque for all of the through faults. 

Mr. Trice asks if one of the six-circuit 
special CA-4 relays might not be used in an 
application where two standard CA-4 relays 
would suffice. We interpret this question 
to mean that, since six restraining coils are 
available in the special relay, it would seem 
to be applicable on the basis of one relay per 
phase for a six-circuit bus. If applied in 
this way, however, each restraining element 
would receive current from two bus circuits. 
If a heavy current should flow into the bus in 
one of these circuits and away from the bus 
in the other, the ampere turns on that par- 
ticular restraining element would be in 
opposition and thus cancel out. That is, 
equal and opposite heavy currents in the one 
restraining element would not produce re- 
straining torque as they should. The same 
effect exactly would occur if the current 
transformers of the two paired circuits were 
paralleled on the secondary side and con- 
nected to one single-winding restraining 
element. In the first case, fluxes are 
paralleled. In the second case, currents are 
paralleled. The net effect is the same. 
These considerations indicate that if six re- 
straining elements are required, then two 
relays per phase are necessary, whether they 
be the standard or the special type. 

Some gain may be made in shortening the 
operating time for internal faults by de- 
creasing the contact travel. However, not 
a great deal can be accomplished by this 
means. Probably the fastest operating time 
under most favorable conditions would be 
two to three cycles. 

In answer to Mr. Trice’s third question, 
no relays of the special type having double 
windings and variable-ratio characteristic 
have yet been placed in service, although 
some are now on order. 
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Copper-Oxide Modulators in Carrier 
Telephone Systems 
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Synopsis: Copper-oxide modulators are 
widely used in telephone systems for trans- 
lating either single speech channels or groups 
of speech channels to carrier-frequency loca- 
tions on the lines. A number of simple cir- 
cuit arrangements have been developed that 
enable suppression of certain undesired fre- 
quencies to a degree that is impractical in 
tube modulators. These modulators trans- 
mit equally well in either direction and the 
modulating elements are more nonlinear 
than in tube modulators. As a result 


“numerous effects are found that ordinarily 


are not important in the tube arrange- 
ments. Analytical studies have been con- 
siderably simplified by the use of a small 
signal, and a large carrier controlling the 
impedance variation of the copper oxide. 
It is found in this case that the superposi- 
tion and reciprocity theorems hold for all the 
circuits that it has been possible to analyze 
even though the modulator is made up of 
nonlinear elements. Open and _ short-cir- 
cuit impedance measurements can be made 
use of as in four-terminal linear networks, 
and a generalized reflection theory devel- 
oped. Performance data are given for an 
idealized modulator under a variety of 
operating conditions. 


T LEAST as early as 1927, copper- 

oxide rectifiers were being tried as 
modulators for the speech channels of 
carrier telephone systems in this country. 
At this time only a rather large type of 
rectifier was available, better adapted for 
power use rather than in modulating the 
few milliwatts of a speech signal. Largely 
because of instabilities these early units 
were found to be unsatisfactory for modu- 
lator use. Further developments in 
copper-oxide rectifiers made in various 
laboratories extended the variety and 
improved the quality of the product 
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available, so that by about 1931 they be- 
gan to be promising as serious competitors 
for vacuum tubes in modulators. Since 
1931 continued improvements in copper- 
oxide rectifiers have rapidly increased 
their field of application until now they 
are employed in practically all modula- 


Copper-oxide modulators probably dif- 
fer most from tube modulators because 
the simplicity of the rectifier elements al- 
lows a much greater variety of circuit 
arrangements to be used, Although the 
underlying principles of operation are 
not new, it has become necessary to in- 
vestigate numerous transmission effects 
that could be neglected in tube modula- 
tors. This has resulted not only from the 
newer circuit arrangements with their 
smaller losses, but also from higher trans- 
mission standards for the over-all system 
along with the greatly increased numbers 
of modulators in long circuits. Copper- 
oxide modulators, unlike tube modula- 
tors, transmit signals equally well in 


Figure 1. Four-disk copper-oxide modulator 


tors of the latest types of carrier telephone 
systems. 

In the new systems a copper-oxide 
modulator is used instead of the previous 
push-pull arrangement of two vacuum 
tubes. In cable,* open-wire, and coaxial 
carrier systems, from 26 to 28 of these 
modulators are needed in each direction 
for translating each 12-channel group of 
speech bands from voice to carrier and 
back again. These copper-oxide modu- 
lators have no power costs, tube replace- 
ments, or possibilities of power failures. 
In figure 1 the four %/i.-inch-diameter 
copper-oxide disks generally used in a 
carrier telephone modulator are shown in- 
dividually, assembled with connections, 
and potted in a can. 

The carrier terminals have tended to 
become increasingly complex as it became 
their function to place more and more 
channels on a single pair of wires. The 
extreme simplicity and reliability of cop- 
per-oxide modulators have been of great 
value in helping to overcome this tend- 
ency. Copper-oxide modulators have 
been used from zero frequency to nearly 
four million cycles. Certain modulators 
for coaxial carrier systems have been de- 
signed to modulate simultaneously as 
many as 60 speech channels spaced over a 
240,000-cycle band of frequencies. 
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While this is a simpli- 


either direction. 
fication in allowing a modulator also to be 
used as a demodulator, the modulator 
becomes complicated by the effects of 
reflections back and forth into the signal 
bands of numerous frequency bands of 
modulation products. 


Circuit Arrangement 


The circuit arrangements used in cop- 
per-oxide modulators generally are con- 
cerned either with carrier suppression, 
with carrier transmission along with 
the signal, or with balancing action to 
suppress certain unwanted bands of 
signal frequencies. In most carrier tele- 
phone systems economy of frequency 
space and amplifier load capacity de- 
mands the use of single-sideband carrier- 
suppressed transmission. 

In figures 2a, 2b, and 2c three types of 
copper-oxide modulators are shown, each 
arranged to suppress the carrier in both 
the signal input and the signal output 
circuits. In figures 2d and 2e the carrier 
is balanced out in only one signal brancl. 
In the usual arrangements a signal-band. 
selective filter must be used in each signal. 
branch to restrict transmission to that of 
the wanted frequency band. Largely in 
this way interferences are guarded agamst, 
not only into other channels or systems, 
to which the modulator output circuit is 
connected on the line or at the distant 
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end, but also back into the complex array 
of facilities to which the input circuit 
may be connected. 

In any of the circuits shown, modula- 
tion results from either the reduction or 
reversal of the current flow between the 
input and output signal circuits at peri- 
odic intervals as the carrier varies the 
copper-oxide resistance back and forth 
between high and low values. In figure 
2a where the connections of the input and 
output signal circuits are periodically 
short-circuited by the carrier-actuated 
copper oxide, transmission of the modu- 
lated signal into the input circuit or the 
unmodulated signal into the output cir- 
cuit is prevented by filters, each of high 
impedance at the frequency of the other 
signal. In figure 2b the connections be- 
tween the signal and modulated signal 
circuits are open-circuited periodically by 
the carrier. In this case each filter should 
have a low impedance at the other signal 
frequency. In figures 2¢, 2d, and 2e the 
copper-oxide rectifiers are made to become 
alternately low and high resistance in 
pairs as the polarity of the carrier is either 
in the same direction as the arrows or in 
the opposite direction. As a result cur- 
rent flow from the input signal circuit in- 
to the output is periodically reversed by 
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Figure 2 (left). 
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provision of a periodically reversing low- 
impedance path. In effect each signal is 
balanced from the other’s circuit. 

Although an indefinite number of other 
circuit configurations can be used, no 
novel transmission feature would be 
found which was not present in the five 
circuits already shown. Third order 
modulators in which the copper oxide is 
arranged to give equal interruptions to 
the signal in both positive and negative 
half cycles of the carrier are exceptions 
not considered here. In addition, cir- 
cuits like Hartley’s, in which phase dis- 
criminations have been obtained in the 
sideband outputs from two modulators 
by altering both the carrier and signal in- 
put phase of one, can be viewed as com- 
posed of two modulators of any of the 
types illustrated. 

In these copper-oxide modulators all 
modulation product frequencies can be 
grouped into four classes: 


MC + Nov 
NoC = nev 
NeC + Nov 
NeC = NeV 


in which ¢ and v are the carrier and input 
signal frequencies and , is any odd num- 
ber 1, 3, 5, etc., while n, is any even 
number 0, 2, 4, 6, ete. If cand v contain 
more than one frequency each, », and 
n, are, respectively, the odd and even com- 
binations of all multiples of the c and v 
frequencies. All frequencies of one of 
these four types appear together in a 
specific branch of the modulator circuit ; 
and they will not appear in another 
branch unless from a dissymmetry among 
the copper-oxide units or unless inherent 
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in the circuit configuration. The branches 
in which the modulation products appear 
are shown in the circuits illustrated. It 
is apparent that only in the case of the 
double-balanced circuit of figure 2c, are 
all of these types of products completely 
separated in different parts of the circuit. 
In the other circuits shown the classes of 
products appear together in combinations 
of two types. In any balanced circuit 
that can be drawn the above relation- 
ships will be found to hold. 

Modulation products will be of a type 
to which the circuit offers some degree of 
balance, of a type that can be made to 
vary in importance relative to the signal 
by adjustment of either the carrier or 
signal voltage, or of a type to which 
neither balance nor level adjustment is of 
any benefit. Satisfactory operation of 
such modulators requires large carrier 
voltages relative to those of the signal, so 
that products like c = v, 2c = v, 3c + 
v, etc., tend to be of large magnitude 
while products like c = 2v, c + 39, etc., 
tend to be small. Furthermore, the 
former types can be made to predominate 
even more over the latter types either by 
increasing the carrier amplitude or by 
decreasing the signal levels. A 6-decibel 
reduction in signal results in 12-decibel 
reduction of c + 2v and 18-decibel re- 
duction in ¢ = 3v. In any circuit appli- 
cation interferences of this type lend 
themselves to reduction in so far as carrier 
power is available for high-signal-level 
operation, or in so far as noise does not 
limit for low signal levels. Laboratory 


. measurements of some of these modula- 


tion products made during the develop- 
ment of a group modulator for a 12-chan- 
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el open-wire carrier system are shown in 
gure 3 for a double-balanced modulator 
ike that of figure 2c. Single %/,¢- 
inch-diameter disks as shown in figure 1 
ere used in each bridge arm. About 
20 to 30 decibels reduction in inter- 
erence by balance alone is quite readily 
btained in the normal run of manufac- 
tured copper-oxide rectifier elements, for 
those products to which the circuit ar- 
rangement offers a balance. Any fur- 
ie improvement must be obtained either 
by closer control of manufacture or disk 
selection, by artificial balancing with some 
means such as capacitor-resistance po- 
tentiometers, or by statistical averaging 
through use of numbers of disks in each 
| bridge arm. 

In single-channel modulators inter- 
ferences caused by the signal into its own 
signal band will occur only in the pres- 
ence of the signal. In such cases they 
need be only 20 to 30 decibels below the 
signal, except in special cases, as for ex- 
ample, modulators for broad-band pro- 
gram channels. In multichannel sys- 
tems interferences may be produced in 
the silent channels by the active channels. 
This kind of interference or crosstalk is 
ordinarily made to be 70 decibels or more 


below the wanted signals for commercial 
telephone service. In such cases over- 
lapping bands of frequencies not im- 
proved by level adjustment are avoided 
by judicious choice of the carrier frequen- 
cies. 


Circuit Impedance and Loss 


In all modulators the carrier serves 
merely as a means for obtaining a simple 
periodic variation of the impedance pre- 
sented to the signals. It is not only im- 
material to the signals how this variation 
is obtained, but the signals also are totally 
unaware of whether electrical, mechani- 
cal, or. other means are used, just so long 
as the signals themselves are unable to 
affect the time variation of this imped- 
ance. In a copper-oxide modulator, 
only by making the carrier amplitude 
large compared to the signal amplitudes 
across the rectifier elements, can the 
impedance of the rectifiers be made to 
vary at carrier rather than signal rates. 
Too large a signal amplitude not only re- 
sults in the production of undesired fre- 
quencies, but also the impedance and loss 
characteristics of the modulator vary with 
the signal amplitude. With small sig- 


Figure 4. Imped- 


ance of a copper- 


oxide disk at various 
forward and reverse 
direct voltages for 
small superposed 
alternating voltage 


RESISTANCE 


OIRECT- CURRENT POTENTIAL IN VOLTS 


nals the carrier energy is used up in main- 
taining the copper oxide at prescribed 
impedance values at each instant of time, 
and none of the modulation products in- 
volving the signal receive more than a 
negligible amount of energy from the 
carrier, As a result the output signal 
energy will always be less than that of the 
input signal, partly because of 7r losses 
within the copper oxide, and partly from 
the diversion of the input signal energy 
into the energies of the many modulation- 
product frequencies. 

The signal impedance of a copper-oxide 
modulator is a combination of a charac- 
teristic impedance of the rectifier ele- 
ments and the impedance of the con- 
nected circuits at all the modulation-prod- 
uct frequencies. The characteristic im- 
pedance of the rectifier can be viewed 
crudely as an average of the impedance 
encountered by a small signal over a 
cycle of the carrier, treating each instan- 
taneous value of the carrier voltage as a 
d-c bias. If the impedance for small 
superimposed alternating voltages is 
measured on a single copper-oxide disk at 
various direct bias voltages, this imped- 
ance generally changes with both bias 
and frequency. Measurements to 200 
kilocycles made on a  3/j¢-inch-di- 
ameter disk are shown in figure 4. At 
all negative bias voltages the impedance 
is a resistance in parallel with a capacitor. 
This resistance decreases rapidly with in- 
creasing frequency while the shunt ca- 


Figure 5. Impedance of a representative 
double-balanced modulator 
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pacity decreases only a moderate amount. 
At moderate positive voltages (about 
one-half volt) the impedance becomes 
resistive and does not change appreciably 
with frequency. Experimentally it is 
found that the signal impedances in re- 
sistance-terminated modulators can be 
made largely free of reactance at high 
frequencies by using either large car- 
rier amplitudes, inductive tuning of the 
copper-oxide capacities, or lower-imped- 
ance-connected signal circuits to accen- 
tuate the importance of the low-resistance 
part of the copper-oxide characteristic. 
Very much lower circuit impedances must 
be used at the higher frequencies. Where 
600 to 1,000 ohms is a satisfactory imped- 
ance at speech frequencies, less than 50 
ohms may be the best impedance to use, 
at three megacycles. 

Impedance measurements on a double- 
balanced modulator designed to translate 
a 12-channel group of frequencies for 
cable carrier systems from a band at 60 to 
108 kilocycles to a 12- to 60-kilocycle 
band are shown in figure 5 for several 
resistance terminations. Absence of any 
impedance irregularities with frequency 
isapparent. Also, the tendency is shown 
for the modulator impedance to become 
less reactive with lower-resistance termi- 
nations. 

Inasmuch as copper-oxide disks are 
available in sizes from 1/;, inch to more 
than an inch in diameter, a wide range of 
circuit impedances is possible varying 
from only a few ohms to thousands of 
ohms Large-area disks roughly are 
equivalent to small-area disks in parallel. 
Thus by using a disk of m times the area of 
a small one or of the small ones in paral- 
lel, the best circuit impedance becomes 
1/nth at the same carrier voltage. Either 
disks in series or ones of smaller diameter 
enable the impedance to be raised in a 
corresponding manner. The lower im- 
pedance and greater energy dissipations 
of larger disks, or paralleled smaller ones 
at the same carrier voltage, obviously al- 
lows greater input signal energies before 
the signal impedance and loss begin to 
vary with the signal, and overload dis- 
tortion appears. Similarly series stacks 
of disks, or series-parallel combinations, 
offer wide choice in both the signal levels 
that can be satisfactorily modulated and 
in the impedance levels. Usually root- 
mean-square carrier voltages across in- 
dividual disks in the conducting direction 
will best be made somewhere between 
three-tenths and three-fourths volts, 

The impedances of the connected cir- 
cuits at the modulation product fre- 
quencies react back on the signal imped- 
ances in a way similar to the way that 
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Figure 6. Loss in 
a double - balanced 
group modulator for 
coaxial systems 
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the two terminating impedances of a four- 
terminal linear network react on each 
other. In the case of the copper-oxide 
modulator a reaction from some modula- 
tion product back into the signal im- 
pedance is less and less as the product 
becomes of higher order, or as the circuit 
loss to it becomes greater. Where the 
impedances of the connected circuits have 
bothersome interactions with the copper- 
oxide impedance either at the signal fre- 
quencies or the lower-loss modulation 
products, resistance-pad separation is 
usually the simplest solution if the in- 
creased loss can be tolerated. 

Energy losses in copper-oxide modula- 
tors between signal input and single-side- 
band signal output have been found to 
be no greater than eight or nine decibels 
even at frequencies of three or four mega- 
cycles. At lower frequencies five- or 
six-decibel losses are normal, but losses 
as low as two decibels have been obtained 
under less practical operating conditions. 
Experimental loss measurements are 
shown in figure 6 for a double-balanced 
modulator using single 3/;.-inch-diameter 
disks in each bridgearm. This modulator 
was designed to modulate simultaneously 
60 speech channels occupying a 240,000- 
cycle band width. The modulator loss, 
like the impedance, depends on the imped- 
ance terminations of the modulator at all 
the modulation-product frequencies as well 
as on the internal losses of the modulator. 
Short circuit, open circuit, or reactive 
terminations at the unwanted frequen- 
cies, permit energy losses only through 
reflections at the signal-circuit junctions 
to the modulator or within the modula- 
tor. With proper terminations and loss- 
free copper oxide, 100-per-cent-effi- 
ciency frequency translations are theo- 
retically possible. In a practical case, a 
larger carrier amplitude results in a 
smaller percentage of the time in which 
the rectifier elements have impedances 
that are comparable to the connected 
circuits and that are neither blocking nor 
conducting. Signal energies are lost in 
this time interval, so a higher efficiency 
modulator results. The time spent on 
the intermediate resistance parts of the 
rectifier characteristic can be further re- 
duced by introducing harmonics into the 
carrier wave, so that a square type of 
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wave results. The resistance of the rec- 
tifier is abruptly switched back and forth 
between blocking and conducting values 
in this manner. When the connected cir- . 
cuit impedances at the unwanted fre- 
quencies are very high or low, best effi- 
ciencies result when transmission between 
the signal circuits is blocked most of the 
time. Thus in a circuit like that of figure 
2a when the filters are high impedance 
at the unwanted products, highest effi- 
ciency results when the copper oxide is a 
low-resistance short circuit for the major 
portion of the carrier cycle. In figure 26 
an open circuit is desirable most of the 
time. 


Linear Modulator Theory 


The analytical studies that have been 
of most benefit in the development of 
copper-oxide modulators have made use 
of a variable resistance characteristic 
controlled by the carrier. This assump- 
tion has made it possible to investigate 
modulator performance* for a wide va- 
riety of characteristics under a great many 
operating conditions. | Copper-oxide- 
modulator performance in particular 
cases as well as the effects of the circuit 
elements on this performance can readily 
be inferred from the data at hand about 
these idealized modulators. 

In limited space it is not possible to 
discuss the varieties of resistance modu- 
lators that have been analyzed. How- 
ever, certain viewpoints will be discussed 
that have been very useful not only for 
obtaining solutions for some of the hy- 
pothetical cases, but also in supplement- 
ing laboratory experiments on actual 
modulators. 

All of these analytical studies have as- 
sumed a signal sufficiently small compared 
to the carrier, that it can be varied in 
magnitude without noticeable changes in 
the signal impedance or in the linearity 
between input and output signal ampli- 
tudes. This is in agreement with design 
procedure, as the circuit impedances and 
losses are determined on such a linear - 
basis. 


See 
* A physical picture of modulator performance in 
terms of linear networks is developed in a paper 
published in the January 1939 Bell System Tech- 
nical Journal: “Equivalent Modulator Circuits,”’ 
by E. Peterson and L. W. Hussey. 
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UPERPOSITION PRINCIPLE 


All of the modulator circuits with which 
e have been dealing, though composed of 
onlinear elements, have been resolved 
nto the equivalent of linear systems by 
irtue of using a large carrier and small 
ignal amplitude. We may simultane- 
usly apply any number of signal frequen- 
ies, but all have negligible effect on the 
neriodic changing of the nonlinear ele- 
ent resistance by the carrier. These 
\ may be modulation product 
oltages, some applied at the output ter- 
minals and some at the input terminals, 
but in all cases, even though frequencies 
may coincide, it can be shown that the 
principle of superposition will hold with- 
out interaction between the applied forces 
and the responses. This permits a great 
simplification in the mathematical ap- 
proach to modulator analysis, because 
the modulation product or signal voltages 
can be applied one at a time and the cur- 
tent responses summed. The voltage- 
current ratios at each frequency can then 
be replaced by equivalent impedances. 
Any nonlinear resistance like copper 
oxide will have a current-voltage char- 
acteristic that can be expressed as ac- 
curately as desired by 


t = ae + are? +...ane” (1) 


If a carrier and signal voltage are ap- 
plied to this nonlinear element, each 
term beyond the first will independently 
produce currents of new frequencies com- 
posed of the intermodulation products of 
these two voltages. If in turn the exter- 
nal impedances at these new frequencies 
are not zero, new voltages will appear 
across the nonlinear element to produce 
still more new frequencies. In this case 
the simplest consideration is to minimize 
the number of voltages by presenting 
zero impedance to the modulation prod- 
ucts. If the carrier voltage is C cos ct 
and the input signal voltage S cos st, the 
current flow in the mth term is 


i = dn (C cos ct + S cos st)” (2) 


In the binomial expansion of this ex- 
pression it is obvious that linear response 
to the signal and freedom from distortion 
result when the ratio of carrier to signal 
is made sufficiently large so that only the 
first two terms are important. 


i ~ adn{(C cos ct)” + n(C cos ct)”~ }-S cos st] 
(3) 


The first term in equation 3 is the current 
flow at direct current and harmonics of the 
carrier; it has no effect on the input signal 
and output signal except in so far as im- 
pedance termination presented across the 
nonlinear element at the carrier harmonic 
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frequencies may alter the carrier-voltage 
harmonic content. The signal input 
current and the signal output current, as 
well as the unwanted modulation products 
of the signal, result from the second term. 
The even values of n produce the even- 
order sidebands, second order being the 
output signal, while the odd values of 
produce the input signal current and the 
odd-order sidebands. These currents can 
be evaluated from 


re > 
Ky m=n re 
. nem 
cos") = a Si > gear 0° mb 
m=1 


, ats ee 
in which An-m is equal to the combina- 
2 


n—m 


tion of » things taken at a time for 


a— oe : 
—>— integral and is equal to zero for 


oe nonintegral. The signal input 
current is 

annKn-1 
is = = C™ S cos st (4) 


while the second-order output signal side- 
band is 


n—-1 
a,nK n—2 


Soong C®-1 S'cos (¢ = s)t (5) 


ics = 

Similarly, if the output signal volt- 
age at second-order sideband frequency 
(c = s) had been applied along with 
the carrier in place of the input sig- 
nal, and of an equal amplitude, then the 
following currents of the output and in- 
put signal frequencies would result 


,n-1 
annK n—l 


a S cos (6 = s)t (6) 


“a 


tcus = 


annKn-2 

(1S co st (7) 
gn-1 

If both signal input and output fre- 

quency voltages are applied simulta- 

neously, equation 3 then becomes 


i ~ an{(C cos ct)” + n(C cos ct)" 3. 
S cos st + n(C cos ct)”~ }-S cos (¢ + s)t] (8) 


The current responses obviously are the 
sum of the separate responses from inde- 
pendent application of the two frequen- 
cies. Even if a complex array of termi- 
nating impedances are supplied so that 
voltages appear across the nonlinear ele- 
ment at all the modulation product fre- 
quencies, each new voltage will individu- 
ally produce its own current response, 
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quite independently of the responses that 
are being produced by the other voltages. 
It can readily be seen then that super- 
position does not depend on any assump- 
tions about what the terminating imped- 
ances may be. 


Reciprocal Theorem 


Equations 5 and 7 show that the side- 
band response to an input signal voltage 
is exactly equal in magnitude to the in- 
put signal response to the same ampli- 
tude sideband voltage. It can readily 
be seen that any two modulation prod- 
ucts also bear such a reciprocal relation- 
ship between their voltages and currents, 
as a result of using the same amplitude 
and frequency of carrier harmonic multi- 
plier of their respective voltages to modu- 
late between the two frequency positions. 
Although reciprocity has been proved 
valid here only for short-circuit termina- 
tions at the modulation-product fre- 
quencies, it can also be proved under nu- 
merous other conditions of circuit opera- 
tion. It seems that, regardless of modu- 
lator complexity of impedance termina- 
tions or frequency loss effects, the recipro- 
cal theorem is a necessary attribute of such a 
linear and bilateral system in which there are 
no internal energy sources. Two-way 
systems in which an amplifier for exam- 
ple, is included as an internal energy 
source in one or both directions will, of 
course, violate the reciprocal theorem if 
the gains in the two directions are differ- 
ent. This arrangement is, however, both 
bilateral and linear. 


COMPLETE PERFORMANCE CRITERIA 


The laws for transmission between a 
signal input frequency and a signal out- 
put frequency can be completely speci- 
fied from open- and short-circuit imped- 
ance measurements at the signal input 


Figure 7. Four-terminal network equivalent 
of a linear modulator 


and output frequencies, regardless of the 
complexity of the modulator, (From 
such measurements optimum impedance 
terminations can even be determined for 
linear-bilateral systems with internal 
energy sources.) 

The four-terminal network of figure 7 
is assumed to represent a modulator with 
a large carrier amplitude and having small 
signal voltage P of frequency p applied at 
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the input terminals 1-2 at the left. Cur- 
rent of the output signal frequency gq flows 
out of the terminals 3-4 into the im- 
pedance R,. The generator P is assumed 
to have zero internal impedance at its 
own frequency. Impedance  termina- 
tions at the 1-2 and 3-4 terminals at 
all other imodulation-product frequencies 
are perfectly general; whatever they are 
in a particular case, it is assumed that 
they are undisturbed as the terminations 
of the input and output at the signal fre- 
quencies are varied between open cir- 
cuit and short circuit. The following 
symbols are used for the impedances 
looking into the modulator at the input 
terminals at input signal frequency p and 
at the output terminals at signal out- 
put frequency gq. 


Zpo = impedance at p for open circuit at ¢ 

Zqo = impedance at g for open circuit at p 

Zps = impedance at p for short circuit at q 

Zqs = impedance at gq for short circuit at p 

R, = impedance termination at frequency q¢ 

R, = impedance of modulator at frequency 
p with R, at 3-4 terminals for fre- 
quency qg 

K, = transfer admittance between voltage 
at frequency p applied at the 1-2 
terminals and short-circuit current at 
frequency q flowing from 3-4 termi- 
nals 

Ky = transfer admittance between voltage 
applied at 3-4 terminals at frequency 
q and short-circuit current at fre- 
quency p flowing from 1-2 terminals 


For R, first short-circuited. 


41 = Ke (9) 
} ales 
15, = Z,. : (10) 


If the short circuit on R, is removed, the 
following two additional currents will 
flow due to superposition of a new volt- 
age —1,K, 


_ ae (11) 
1q2 Za 
and 
inp = —igR,Ky (12) 
; PK 
tn => 11 + 192 = ma (13) 
1+—* 
Zs 
POeerR KAR 
iy = in t+ tpn = 5 =e eetl4) 
ps sie Aa 


The efficiency of the frequency trans- 
lation, measured by the ratio of the 
power delivered to R, to the power into 
terminals 1—2, is 


Ry 
Ra 
. 1+—4 
Rickie Be (as) 
er ae 
Ole ahs KakyR, 
Lys Ry 
ih te 
Zqs 


which is maximum for 


Ze 


WA = IK IR ova 


Ry a (16) 


The maximum efficiency is then 


IST Lnslas 


has = (17) 
(1+ V1 — KaKoZpsZqs)? 


Table 1. Correspondence Between Currents Entering and Leaving a Reversing-Switch Modulator 


= 


Corresponding Components on Other Side of the Modulator 


Component on 
One Side of 2k" 2k 
Modulator 7 30 


Sir 7% 


NOTE: 


A current of the frequency indicated in the first column will be modulated to produce the compo- 


nents written on the same line, the magnitudes of which are the magnitude of the generating current multi- 


plied by the factors at the top of the columns. 
een) /“( igang 
Ry Ry 
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POSITIVE 
HALF CYCLE 


NEGATIVE 
HALF CYCLE 


Figure 8. Equivalent circuit of a double 
balanced modulator 


When equation 16 is substituted in (14 
it is found that 


12 Zs 


R = 7 = 7 
1 ton, Nit tea aie oe 


In order to evaluate K,K», open-circuit’ 
impedance measurements must also be 
made. By superposition methods like 
those used in obtaining equations 11 anc 
12 it can readily be shown that 


(18 


1 1 
— = — — K,K,Z 19 
ay Te a*\b&gqs ( ) 
1 1 
Pe ae KakyZ ys (20) 
Luo Lys 


From these two equations, it follows 
that 


“os _ Zos (21) 
PAOD poe. 

1 1 

Fie ae IF 
KK, = — = (22) 


and K,K, can be determined from any 
three of the open-short measurements by 
using (21) and (22). It follows that 


Zps 


Kkilnla= Ve (23) 


po 
Upon substitution in (16) and (18) it is 
found that 


Ry = Nee (24) 
and 
Ro=%V Zn0oLps (25) 


when 3-4 is terminated in R, for maximum 
efficiency. 

Open- and short-circuit measurements 
enable us to compute the optimum effi- 
ciency from equation 17 only if the trans- 
fer admittance K, is known. If the re- 
ciprocal theorem holds, K, = K, and IG, 
can be determined from (23). The op- 
timum efficiency is then 


1 — ¢/Z2 
Zz 
"max = —20 (26) 
1+ 9/22: 
Zn0 


ELECTRICAL ENGINEERING 


-.- 


Table Il. Performance of Double-Balanced Modulator (Ideal Reversing Switch) for Various 
Input and Output Terminations 


Modulator Terminations Modulator Loss 
Modulator Impedance or Efficiency 


Input Circuit Output Circuit 


ee eee Input Output Voltage 
Signal Others _ Signal Others Signal Signal tps Decibels 
Res ioe gi ae we Ree... R R 2 8.9 
wv ‘ 
1 eomlonye any value.... Ra Uphis. 28 7 Al es ae OMT. crasescwnveralciert 2 3.9 
= Rake 
eee, Ri tees Ree ee an = 3.9 
Spear = a: 
Ree F R Fee eke tk oe Re 2 
E ah R a 3.9 
a — 
Ree TOR i OR ee. nase: R heed) ae 
| 2 6x? — 16 Nioles =o) 
| <i seeeeee SS ena ome R Abele ES al 2 
x2 — 2 mt — 2 Seren Beige ay 
. Ree ia... 0 aly eg otro Omanee cs 0 0 © 
i ae OP SET MES wile, 4: @ cy Rt Onis ode © 
RAPES enn 0 See ee Se ister h « Le 4 cad 0.85 
ri a ress sale 
RR cs © Ro ee Oieats z = af 0.85 
wr? 4 4+ 7? ae 
4 
Ric: — : 
0 Reese mace. R = 1 0 
x 2 
Rin Bots = aR seo25s eee R 7 R 1 0 
Reece ak Rom Sal Ros OMe, Rettete Zi* Zo* n* 


_ ™Rr'(Rr + Rs!) + 4(Rr — Rr')Re! 
m3(Rr + Rs’) — 4(R, — R;’) 


= mRs'(Re + Ry’) + 4(Rs — Rg’) R,’ 
m?(Rs + R,’) — 4(Rz — R,’) 


a 4x(Ry’ + Rs!) VRsRr 
w?(Rs + R,’)(Rr + Rs’) — 4(R,; — R,')(Re — Ro’) 


If the input signal generator has an in- 
ternal impedance, most efficient energy 
delivery to the modulator will, of course, _Z,, and the output signal is delivered to 
result if this impedance is made equal to the output circuit impedance Z,, Both 
FR Z, and Z, in general will be functions of 
Equivalent 7, 7, and bridge networks frequency. 

can obviously be drawn from the open- If Z, = Z, = Rat all frequencies it can 
and short-circuit measurements as in easily be shown that the circuit will oper- 
four-terminal linear networks. ate most efficiently for 


It appears that even in a plate- or grid- 
R= VR,R, (27) 


circuit modulator the formulas of equa- 
tions 24, 25, and 26 can be applied to the p . : 

The signal input current will then be the 
only frequency in 7. 


The input signal generator Vo is ap- 
plied out of an input circuit impedance 


plate or grid circuit, respectively, where 
the signals are small compared to the 
carrier, inasmuch as the modulating parts _ Vo 
of these circuits are linear and bilateral 4% = 57 (28) 
with no internal energy sources. 

From the properties of lattice networks 
DOUBLE-BALANCED OR it follows, that 


REVERSING-SwiTcH MopULATOR* 


A number of interesting conclusions | 
can be reached about copper-oxide modu- fies Vo. ay f(t) (29) 
lators by assuming that the copper oxide 2R IR, ay 


acts like a switch having a low resistance Ry 
value when the positive half-cycle of the 
carrier voltage is across the disk and a 
high resistance value during the negative 
half-cycle. The circuits of figures 2c, 2d, 
or 2e can then be represented by the 
equivalent circuit of figure 8. 


where 


One +1 for positive half-cycle of carrier 
ies —1for negative half-cycle of carrier 


Letting 


* Referred to in the German literature as the 
“ring modulator.’”’ 


4 1 1 
f@ = *( cos ct —-—cos3ct+-—cosdc.. i) 
7 3 5 
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in table I. 


and 
ae 

k ak) (30) 
ON, 
Ry 

b OR > Cos cl are ct ++ 


{ 
jeossat..| (31) 


The magnitude of the single-sideband 
output current is 


i+ = h- = —-— (32) 
and the efficiency 


4 
sey 


wr? 


7 = (33) 

In addition currents flow in the output 
circuit at both sidebands of all odd har- 
monics of the carrier frequency. These 
can be represented by 73+, 73-, t5+, ete. 
No currents flow at the sideband fre- 
quencies of the even harmonics of the 
Carrier, Wot, m-,... 

If Vo should be replaced by an equal 
amplitude generator at any of the side- 
band frequencies, Vi+, V2—, etc., then 
the input current would in any case be 
a+ = sy 2- = ae etc. 

2R 2R 
The correspondence between the magni- 
tudes of these entering currents and the 
magnitudes of the output currents at the 
modulation product frequencies are shown 
Reciprocal relations between 
the driving voltage at one frequency and 
the output current at another frequency 
are obvious. 


GENERALIZED REFLECTION THEORY 


Superposition permits us to apply si- 
multaneously driving forces of the fre- 
quencies tabulated above in any relative 
phases and amplitudes that we care to 
choose on either side of the modulator. 
If simultaneously Jp is applied on one side 
of the modulator and 


2k Lie = R 


WE ee 
( Dy Tie A et R 


is applied to the other set of modulator 
terminals, then the total current at the 
output terminals at the sideband fre- 
quency (1+) will be 


2k Jig Sibi 
(hs) aE I+ 71 
7 


Zu +R] 
This is equivalent to saying that a re- 
sistance R at the sideband frequency (1+-) 


(34) 


TRANSACTIONS 259 


The Magnesium-Copper Sulphide 
Rectifier Battery Charger for Railroad 


Passenger Cars 


By C. A. KOTTERMAN 


NONMEMBER AIEE 


Synopsis: When the railroads began air 
conditioning their trains, adequate charging 
of the storage batteries associated with air- 
conditioning systems became an important 
factor in the new development. The ca- 
pacity of the axle driven d-c generator 
charger was increased; however, supple- 
mentary charging was frequently necessary 
or desirable, particularly when the axle 
generators were not operating. The rail- 
roads met this problem by using portable 
motor generator sets, wiring their stations 
and yards with standby service and through 
the use of small, compact, dry-disk rectifier 
battery chargers of suflicient current capaci- 
ties to charge one or two car batteries simul- 
taneously. The first rectifier developed for 
this service made use of the magnesium- 
copper sulphide dry-disk type. The mecha- 
nism of this rectifier is here briefly dis- 
cussed, design features enumerated, and the 
type of rectifier battery chargers developed 
for railroad use described. 


TORAGE BATTERIES were first 
added to railroad passenger and 
Pullman coaches about 40 years ago to 
provide power for electric lights which 


replaced the gas and oil lamps. These 
batteries were charged by means of axle- 
driven d-c generators. Electric ventilat- 
ing fans were added later but under 
normal operating conditions the genera- 
tors adequately charged the batteries. 
With the advent, however, of electro- 
mechanical air-conditioning equipment 
on railroad cars demanding d-c currents 
varying from 150 to nearly 300 amperes, 
an entirely new concept of storage- 
battery equipment and charging had to 
be worked out. In a few short years the 
battery load has increased from 25 to 50 
amperes to nearly 300 amperes per car 
on some of the present-day streamlined 
completely air-conditioned trains. The 
combined efforts of storage-battery, air- 
conditioning, and rolling-stock engineers 
Paper number 39-22, recommended by the AIEE 
committee on transportation, and presented at the 
AIEE winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript submitted 


November 10, 1938; made available for preprinting 
December 14, 1938. 


C. A. KottEeRMAN is rectifier engineer with P. R. 
Mallory and Company, Inc., Indianapolis, Ind. 


has been connected to the output termi- 
nals of the modulator and in this resist- 
ance is an internal zero-impedance gen- 
erator of voltage 

AN Sigh, > IK 


2R(h+) = an TR (35) 
This resistance R at sideband frequency 
(1+) must be infinite at all other fre- 
quencies, if in parallel we assume another 
resistance of R at all frequencies except 
(1+) at which it is infinite. 

The equivalent impedance at fre- 
quency (1-++) at the modulator terminals 
connected to the (1+) resistance with 
its internal generator, is the ratio of 
(1+) voltage to (1+) current. 

2k 2k Zi+ —R 
= Ti+ -2R ~ dit . [1-24] 
ae yy By = :] 
oe Ti+ Ss il 5 ea ee 
T i Z4+R 
(36) 
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which reduces to 


Z = 24+ (37) 


Zi+ may be real or complex as it in- 
volves only the amplitude and phase of 
the superimposed voltage of upper-side- 
band frequency. It can readily be seen 
then that the solution for current flow at 
this frequency of equation 34 is identical 
with the case of linear networks in which 
the current is expressed as that flowing in 
a matched circuit modified by a reflec- 
tion factor. Reflection from any modu- 
lation-product frequency can be similarly 
treated. 

A number of cases have been worked 
out of efficiencies and impedances in such 
modulators for transmission between an 
input signal and a single-sideband out- 


put signal. The modulating element 
has been assumed perfect (k = 1) and 
the terminations pure resistances. The 


results are shown in table IT. 
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have accomplished a truly remarkable 
result in providing high-intensity indirect 
illumination together with air condition- 
ing on modern trains. ; 

This improvement in the traveling 
public’s comfort and convenience has 
created many difficult problems which 
had to be solved. Among them may be 
mentioned the development of a 1,000- 
ampere-hour-capacity storage battery 
small enough in size and weight to be 
mounted on a coach. Adequate charging 
facilities had to be developed to meet the 
increased loads on batteries. All of this 
has become a reality without increasing 
the size of the trucks or other parts of the 
cars. Under normal train operating 
conditions, the axle-driven generator 
operates enough of the time to charge 
the batteries adequately. During the 
summer months, however, when the air- 
conditioning equipment is used to the 
limit to meet hot-weather conditions, 
supplementary or so-called ‘“‘yard”’ charg- 
ing often becomes necessary. Also, in 
bad winter weather when snow and ice 
affect the axle drive and the battery 
ampere-hour capacity is lowered, supple- 
mentary charging is also required. 

The railroads have handled this situa- 
tion in several ways. Some coach yards 
and stations have been equipped with 
d-c charging lines supplied by one or 
more motor generator sets. This is a 
costly system to install, requiring quite 
an investment in copper feeder cables to 
handle the large charging currents neces- 
sary without introducing too much JR 
drop in the charging lines. 


Portable or mobile motor generator 
sets usually of sufficient capacity to 
charge the batteries on two cars simul- 
taneously are also used. They meet the 
need for supplementary charging equip- 
ment but their weight and lack of easy 
maneuverability often restrict their use 
in badly congested coach yards, particu- 
larly in the winter with snow and ice 
hampering their movement. 

Some railroads have installed 220-volt 
60-cycle three-phase systems for standby 
service in their yards and stations. Many 
of the air-conditioning systems on trains 
include a 10-20-horsepower three-phase 
motor for driving the compressor asso- 
ciated with the air-conditioning equip- 
ment on a standing car. This is extra 
weight that has to be carried with the 
car for the sole purpose of providing 
standby service. The 220-volt a-c 
supply is, however, readily available for 
battery charging purposes and at a 
reasonable cost. 

About two years ago, when the charg- 
ing problem was fully realized, the P. R. 
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Figure 1. Mobile charger with louvred 
| weatherproof cover removed 


Mallory and Company, Inc., working in 
close co-operation with engineers of 
several railroads, evolved a heavy-duty 
dry-disk type of rectifier for converting 
three-phase 60-cycle current to direct 
current of sufficient current output to 
handle the air-conditioning load on a 
standing car or to charge one or two car 
batteries simultaneously. The current 
capacity of this rectifying unit together 
with the small physical size and weight of 


Figure 2. Transformer-rectifier circuits 
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RIPPLE FREQUENCIES GIVEN 
BELOW ARE FOR 60 CYCLES A.C. 


ROUGH OUTPUT; WASTED HALFWAVE; 
60 CYCLE RIPPLE, 


SMOOTHER OUTPUT, BUT STILL 
FALLS TO ZERO; EACH HALF OF 
SOURCE INOPERATIVE HALF THE 
TIME. INVERSE VOLTAGE DOUBLE 
THE FORWARD; !20 CYCLE RIPPLE 


FULL USE OF SOURCE: INVERSE 
VOLTAGE SAME AS FORWARD. 
120 CYCLE RIPPLE. 


ROUGH OUTPUT, UNECONOMICAL USE 
OF SOURCE. UNEVEN RIPPLE MORE 
NEARLY 60 CYCLE THAN ANY 
THING ELSE, 


SMOOTHER OUTPUT; INVERSE 
VOLTAGE SAME AS FORWARD, 
240 CYCLE RIPPLE. TOO MANY 
ELEMENTS REQUIRED, 


the charger made possible a practical 
battery charger easy to wheel around with 
operation fully automatic and reasonably 
foolproof. Weighing but 600 pounds 
with a width of 20 inches, capable of 
delivering 200 amperes into a 16-cell 
battery or 100 amperes into a 32-cell 
battery, this charger can be manipulated 
in the narrow space between cars in coach 
yards, 

The rectifying element used in these 
battery chargers is of the contact type 
employing a magnesium-copper sulphide 
junction, the invention of Samuel Ruben. 
Such a rectifier consists essentially of a 
conductor and semiconductor in more 
intimate contact than physical juxta- 
position and pressure can give. 

There are three widely known types of 
contact rectifiers, namely, the copper- 
copper oxide, the iron-selenium, and the 
magnesium-copper sulphide _ rectifiers. 
During recent years both the copper- 
copper oxide and the magnesium-copper 
sulphide types have been developed to 
the point where they are capable of 
handling large currents per unit area. 
The iron-selenium rectifier has never been 
considered seriously as a heavy-duty 
type. 

The copper-copper oxide rectifier of the 
sprayed-plate type has a current ca- 
pacity of approximately 1.2 amperes per 
square inch of rectifying area when prop- 
erly ventilated, the plate junction serv- 
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ing also as its own radiator to provide 
sufficient cooling area to dissipate heat 
generated during operation. 


The magnesium-copper sulphide recti- 
fying junction has a current capacity of 
approximately 60 amperes per square inch 
when properly ventilated. Due to the 
high current density at which the mag- 
nesium-copper sulphide rectifier can be 
worked, it is possible to build such a 
rectifier for large d-c outputs in a very 
small physical size. As a matter of fact, 
the type illustrated in figure 1 is but 18 
inches in diameter by 12 inches high, 
weighs 100 pounds including ventilating 
system, and delivers 10 kw. These 
figures, of course, do not include the three- 
phase transformer. 


Before describing the various types of 
rectifier battery chargers which have 
been developed for the railroad applica- 
tion, it is desirable to consider a-c circuit 
systems in connection with rectifiers for 
battery charging. Rectified voltages are 
frequently less than the a-c line voltages, 
therefore it is necessary to use some form 
of step-down transformer to reduce the 
line voltage to a suitable input value to 
the rectifier. The use of a transformer 
introduces transformer design and suit- 
able transformer-rectifier circuits into the 
rectifier picture. The very simplest trans- 


Transformer-rectifier circuits 


Figure 3. 
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former-rectifier circuit known is illus- 
trated in figure 2. This is a half-wave 
single-phase circuit producing a very 
rough d-c output with an inoperative 
half-wave resulting in a 60-cycle ripple. 
A somewhat better circuit is the bilateral 
where the d-c output is smoother but the 
direct current falls to zero. Each half of 
the a-c source is inoperative half the time. 
The inverse voltage per individual recti- 
fier junction is double the forward volt- 
age; however, this circuit has the ad- 
vantage of a 120-cycle ripple. Probably 
the most efficient and satisfactory circuit 
for single-phase operation of rectifiers is 
the full-wave bridge. This circuit makes 
full use of the a-c source; the inverse 
voltage is the same as the forward voltage 
and the ripple is 120 cycles. 

The simplest polyphase circuit is the 
two-phase half-wave resulting in rough 
d-c output, uneconomical use of the a-c 
source, inverse voltage the same as the 
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Figure 5. Air velocity versus load curves for 
the magnesium-copper sulphide rectifier 


Three-phase full-wave 


forward voltage, and has a 240-cycle rip- 
ple. The chief objection to this circuit 
is that the circuit requires too many recti- 
fying elements for the required d-c output. 

The three-phase half-wave circuit 
(figure 3) makes improper use of the recti- 
fier. The inverse voltage is 1.73 times 
the forward voltage. The d-c output has 
a 180-cycle ripple. The three-phase full- 
wave bridge, either star or delta con- 
nected, offers the most efficient circuit 
arrangement for rectifiers. Where the 
a-c source is star connected, the inverse 
voltage is the same as the forward but 
the current flows in two windings simul- 
taneously. The d-c output has a 360- 
cycle ripple, a desirable feature if the out- 
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put has to be filtered. The delta connec- 
tion of the a-c source has the advantage 
that current flows only in one winding 
during a rectifying cycle. The inverse 
voltage is the same as the forward and 
the d-c output carries a 360-cycle ripple. 
The last-mentioned circuit arrangement 
has been adopted on all our heavy-duty 
rectifiers operating from three-phase 
sources. 

In designing a rectifier for heavy-cur- 
rent battery charging two essential recti- 
fier fundamentals are of considerable im- 
portance. One is voltage ratio, defined as 
the ratio of direct voltage output to alter- 
nating voltage input. Maximum voltage 
ratio is a function of how much alternat- 
ing voltage one rectifying junction can 
have impressed across the junction with- 
out breaking down the insulating film be- 
tween the elements of the junction. The 
other is the current ratio, defined as the 
d-c output to a-c input. Maximum cur- 


Wind 


tunnel 


Figure 4. 


RECTIFIER 


rent ratio is a function of the maximum 
safe current density at which the recti- 
fying junction can be operated with stabil- 
ity. Knowing the transformer-rectifier 
circuit system together with the voltage 
and current ratios, one can design a recti- 
fier forbattery charging tomeet any charg- 
ing conditions. As the charging rate is a 
function of the battery electromotive 
force, the chief requisite is to design the 
system so that the direct voltage of the 
rectifier will not fall below the battery 
electromotive force during any portion of 
the rectifier conducting cycle. When this 
condition is fulfilled, the design simplifies 
itself to the proper application of the 
voltage and current ratios of the sulphide 
rectifier in conjunction with the battery 
electromotive force. 

All contact rectifiers are essentially 
resistance devices, therefore they generate 
heat when rectifying. The life expectancy 
of such rectifiers is based mainly on their 
operating temperature. In the case of 
the magnesium-copper sulphide rectifier, 
the optimum temperature is 90 degrees 
centigrade or 190 degrees Fahrenheit. So 
long as this temperature is not exceeded, 
during normal operating conditions, the 
life of the copper sulphide rectifier will be 
unaffected. Abnormal operating tem- 
peratures exceeding the above values ap- 
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Figure 6. Drum housing with centrifugal-- 
blower wheel 


preciably will have some affect on life. 
Asa matter of interest, we have conducted 
a life test, in excess of 5,000 hours, on a 
magnesium-copper sulphide rectifier of 
the type used in our railroad battery 
chargers, at operating temperatures av- 
eraging 130 degrees centigrade or 266 
degrees Fahrenheit with little effect on the 
life of the rectifier. The lower the operat- 
ing temperature, the longer the life when 
other operating conditions are normal. 
Heat generated at the rectifying junction 
must therefore be removed faster than 
by simple convection cooling if the recti- 
fier is to deliver large direct currents. The 
magnesium-copper sulphide rectifier of 
1.7 square inches of rectifying area with 
3.5 inches square radiator plates or cooling 
fins will handle 100 amperes direct current 
safely when placed in a stream of air 
having a velocity of approximately 2,000 
feet per minute. This current density is 
based on three-phase full-wave operation. 

A thorough study of rectifier ventila- 
tion was made by the use of a wind tun- 
nel, The tunnel consisted of a box 18 
inches square in cross section and ten 
feet long (figure 4). One end was closed 
except for an opening or window in the 


Figure 7. Propeller-blade power dome 
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Propeller-blade power dome with 
rectifiers 
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center into which the test rectifier was 
set. The other end of the box was at- 
tached to a blower system capable of 
providing air velocities as high as 5,000 
feet per minute. Electric heating ele- 
ments were placed midway between the 
ends inside the box to raise the tempera- 
ture of the air stream for the purpose of 
studying the behavior of the test rectifiers 
at elevated temperatures. The compiled 
data from the wind-tunnel tests enables 
us to design a ventilating system for any 
rectifier-transformer combination and to 
predict within engineering limitations the 
operating temperature of a power rectifier 
for any given ambient temperature. 
Figure 5 is a family of curves, air velocity 
versus load as obtained by the wind-tun- 
nel tests. 

To increase the current-handling capac- 
ity of the magnesium-copper sulphide rec- 
tifier forced cooling has been developed 
which led to the study of accelerated air 
flow through rectifiers. After trying 
various methods, one was finally evolved 
of supporting the rectifier elements in the 
wall of a hollow drum structure, mounting 
a pressure-type centrifugal blower wheel 
inside the drum. Figure 6 shows one of 
the earlier models employing this con- 


Figure 9. Undercar charger 
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struction. Air is drawn in through the 
opening in the center of the fan rotor, 
then discharged tangentially from the 
blades through the rectifiers, This per- 
mits a very compact construction to- 
gether with efficient cooling. 

The rectifiers are placed symmetrically 
around the fan-wheel housing. This con- 
struction lends itself to very simplified 
wiring of the rectifiers. The whole struc- 
ture is known as the “‘d-c power dome.” 
It is usually supported on top of another 
housing in which the power transformer 
is placed. The air discharged through 
the ventilating fins of the rectifier is first 
drawn through and around the coils of 
the transformer, therefore giving the 
transformer forced cooling. In this way 
smaller and lighter-weight transformers 
may be employed. 

The centrifugal-type fan wheel is es- 
sentially a pressure blower. It delivers 
large volumes of air with comparatively 
low velocities. Where the rectifier cool- 
ing fins are close together in order to make 
as compact assembly as possible, high 
velocity through the fins is desirable. A 
fan which would deliver high air velocity 
rather than great volumes of air was de- 
sired and this was developed in conjunc- 
tion with manufacturers of propeller-type 
fan blades. The method of employing 
this type fan is shown in figure 7. 

A one-third-horsepower motor is sup- 
ported inside the drum cage. The motor 
shaft has a double extension so that two 
fans, one right hand and one left hand, 
may be rotated simultaneously. Air is 
drawn in by both propellers building up a 
pressure inside the drum which is dis- 


charged out through the rectifiers 
mounted in openings in the drum (figure 
8). 


In the two cooling methods just de- 
scribed, the rectifiers are mounted around 
a drum or cage. A modification of this 
principle is employed in a very recent 


Figure 10. Mobile charger 
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development of forced-cooled rectifiers 
for large power outputs. In this design 
the rectifiers are mounted radially in a 
plane around the motor which drives a 
single fan. It develops an air pressure in- 
side the housing, forcing the air out 
through the rectifiers (figure 9). 

The railroad battery chargers have been 
developed in two forms—the ‘‘mobile”’ 
charger for platform or yard charging 
and the “on-a-car”’ type for mounting on 
and traveling with a car. Both types 
consist essentially of a three-phase power 
transformer, three-phase full-wave bridge 
rectifiers with ventilating system, a 
chassis or mounting device and housing 
together with provision for altering the 
charging rate and compensating for line- 
voltage variations. Protective circuits 
are also incorporated. 

The mobile charger with principal 
dimensions shown in figure 10 is manufac- 
tured in two types. In one form the 


i 


Figure 11. Mobile-charger control panel 
showing ‘wander'’ plug and tap-changing 
receptacles 


charging rate is varied by means of pri- 
mary taps on the three-phase power 
transformer (see figure 11). In other 
models a self-regulating transformer is 
employed. In this type a sensitive voltage 
relay across the d-c output of the rectifier 
maintains a constant d-c output by auto- 
matically adjusting the turns ratio of the 
transformer to compensate for line-volt- 
age variations (figure 14). Figure 12 is a 
typical charging curve obtained with a 
charger equipped with a manual control. 
Figure 13 is a charging curve using the 
type having the self-regulating trans- 
former. 

As the life of the rectifying units de- 
pends considerably on proper and continu- 
ous ventilation, it is essential that the 
motor associated with the ventilating sys- 
tem be interlocked with the hold-in coil 
of the main magnetic contactor or be pro- 
vided with an individual contactor with 
overload protection interlocked with the 
main contactor. A single-phase 220-volt 
motor is employed so that phase reversal 
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will not affect the direction of rotation as 
the fans must rotate in one direction 
only. The ‘‘on and off” switch which 
starts and stops a charge is also in the fan 
circuit. It is provided with a thermal 


D-C OUTPUT— 
VOLTS AND AMPERES 


TIME — HOURS 


Figure 12. Typical charging curve from manu- 
ally operated mobile charger 


For 600-ampere-hour lead battery 


overload so in case of fan motor failure, 
the a-c power to the transformer will be 
disconnected. 

The charging rate on the manually con- 
trolled model is varied by means of a 
“wander” plug and six primary tap 
receptacles as shown in figure 11. It, how- 
ever, does not compensate automatically 
for line-voltage variations. This simple 
method provides a wide range of charging 
rates from a few amperes to the full output 
of the machine and has proved quite 
adequate for battery charging. Field ex- 
perience has shown that about 90 per cent 
of the use of these chargers is to pump as 
many ampere-hours into a battery as 
possible in a short time, or to carry the 
air compressor load of a standing car with 
the battery floating across the rectifier. 
Rarely have these periods exceeded three 
hours. 

The charging rate on the automatic 
regulating type is set by turning a control 
knob located on the control panel. The 
charging rate will remain constant until 
the electromotive force of the battery has 
risen to a value which can no longer be 
compensated for by the self-regulating 
feature at which time the charge will 
start tapering abruptly, a highly desirable 
feature in storage-battery charging. The 
self-regulating feature also maintains a 
constant charge during line-voltage 
variation of plus or minus 7!/, per cent 
for any rough setting of the three primary 
line-voltage taps. These rough settings 
together with the plus or minus 7!/, per 
cent regulation provide constant output 
from 193-volt lines to 253-volt lines. 

The fully automatic type also incorpo- 
rates a current-limiting control which 
changes the turns ratio of the transformer 
should the charging rate inadvertently 
be increased beyond the setting for maxi- 
mum safe continuous operation. 

The rectifiers are wired up in two banks 
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(figure 15), each consisting of two full- 
wave three-phase bridges in series, provid- 
ing approximately 37-49 volts d-c output 
each. A double-pole double-throw switch 
conveniently mounted enables the two 


D-C OUTPUT— 
VOLTS AND AMPERES 


Anse OMT 
TIME— HOURS ° 
Figure 13. Typical charging curve from self- 
regulating mobile charger 


For 600-ampere-hour lead battery 


banks to be connected in parallel to pro- 
vide 37-49 volts at 200 amperes to charge 
one or more 16-cell lead batteries or 25 
cells of Edison batteries, or they may be 
connected in series to charge a 32-cell 
lead or 50-cell Edison battery at 100 
amperes. Two standard d-c charging re- 
ceptacles mounted at one end of the 
charger are connected in parallel so that 
two batteries may be charged simultane- 
ously. An ammeter shunt is connected 
into the circuit of each charging re- 
ceptacle. An ammeter, common to both 
circuits, indicates the charging current in 
either charging line. It is practical to 
charge a 16-cell lead and a 25-cell Edison 
battery simultaneously if a small series 
resistor is added to the lead battery charg- 
ing line. 

Both types are equipped with standard 
railroad three-phase four-wire a-c recep- 


= 


pounds and but 20 inches wide, the 
possess a maximum of maneuverability. 

The equipment is fully protected i 
louvered steel housings and may b 
operated safely and oie etc! in an 
kind of weather, 

The ‘‘on-a-car’’ type has ‘beet de 
veloped in two forms. One shown i 
figure 16 is intended to be mounted i 
the clerestory. The other illustrate 
in figure 9 is enclosed in a ventilate 
weather-, ballast-, and  cinder-proc 
welded steel housing for mounting under 
neath the car. Both forms have the sam 
type transformers and rectifiers togethe 
with the control and protective feature 
of the mobile types, but because they ar 
designed to charge a particular battery 
they do not need to have the flexibilit 
of charging rate of the mobile type. Th 
clerestory form, in operation on severa 
railroads, supplies 100 amperes into : 
16-cell lead or 25-cell Edison battery anc 
80 amperes into a 32-cell lead or 50-cel 
Edison battery and weighs approximate 
290 pounds. Larger-capacity chargers uy 
to 200 amperes into 16-cell lead or 25-cel 
Edison or 100 amperes into 32-cell leat 
or 50-cell Edison can be built of smal 
enough size and weight to be mounted it 
the clerestory if desired. 

The undercar type, due to its weather 
proof housing, weighs more than the clere 
story model but the over-all dimension 
are practically the same. 

Manual control of the ‘“‘on-a-car’’ typ 


Figure 14. Self-regulating three-phase powe 
transformer 


tacles, the fourth conductor serving as a 
ground. 

The machines are readily wheeled 
around on ten-inch diameter, two-inch 
tread rubber-tired antifriction wheels. 
As already stated, weighing but 600 
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battery charger is not needed as the regu 
lation of the transformer-rectifier com 
bination automatically takes care of th 
charging rate depending upon the specifi 
gravity of the battery. However, wher 
it is necessary or desirable automaticall; 
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-(o adjust for line-voltage variation, a 
self-regulating transformer can be in- 
eluded in the equipment. 

‘Both types operate directly from the 
220-volt three-phase standby supply. 
They require no attention other than con- 
1ecting or disconnecting this supply. One 


**On-a-car’’ charger 


Figure 16. 
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model is provided with an automatic 
tapering feature which reduces the charg- 
ing rate to a mere trickle charge when 
the voltage of the battery has reached a 
predetermined value. Should this char- 
ger be left on inadvertently for a longer 
period of time than necessary to complete 
a normal charging cycle, the trickle rate 
will automatically come into operation 
thus preventing undue gassing of the bat- 
tery. 

Although .none has been built as yet 
for this service, designs are ready for an 
undercar type that will carry the com- 
pressor load of a stationary car. ‘This 
model would eliminate the a-c standby 
motor and would provide auxiliary charg- 
ing whenever required. 

Rectifier battery chargers possess cer- 
tain operating features not found in other 
types. They are light in weight, handle 
easily, and are compact enough to be 
used in crowded coach yards. As no 
heavy rotating parts are employed, they 
are exceedingly quiet in operation. Main- 
tenance is reduced to a minimum as there 
are no commutating devéces or brush 
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wear. A very desirable feature is that 
the rectifier battery chargers start on 
load with a starting current approxi- 
mately the same as the running current. 
This enables them to be operated directly 
off the 220-volt three-phase standby 
service. 

The possibility of polarity reversal is 
eliminated. This feature together with 
the fact that the reverse current from the 
battery through the rectifier is of the 
order of an ampere, eliminates the need 
of reverse-current relays. 

The magnesium-copper sulphide recti- 
fier battery charger has an over-all effi- 
ciency of approximately 50 per cent. The 
efficiency curve is practically flat from 
25 per cent full load to 125 per cent full 
load. The efficiency of the rectifier itself 
is about 55 per cent and remains at this 
value throughout the life of the rectifier. 
Very recent developments indicate that 
a higher efficiency may be expected of 
the copper-sulphide rectifier in the near 
future, together with greater stability of 
operation and even longer life than the 
present type. 
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Pennsylvania Railroad New York- 


W ashington-Harrisburg Electrification — 


Relay Protection of Power Supply System 


By E. L. HARDER 


ASSOCIATE AIEE 


HE completion and _ placing into 

service of the Pennsylvania Railroad 
electrification marks the satisfactory 
conclusion of a relay design and applica- 
tion problem involving considerable pio- 
neering work in this field. The protection 
problem is the provision of a system of 
protective relays, which in event of 
trouble, will automatically open circuit 
breakers to isolate the faulty section from 
the remainder of the power system. Out- 
standing features of the protective system 
ares 


1. The provision of a relaying system for 
high-voltage lines operated with very few 
high-voltage breakers and with large num- 
bers of taps, involving the opening of as 
many as 30 low-voltage breakers for the 
isolation of a single fault. 


2. High-speed trolley relays, inaugurating 
the use of what are today known as “‘high- 
speed relays’ in a-c power systems. These 
relays and the associated circuit breakers 
are not only extremely fast, clearing faults 
in 0.04 second total for relays and breaker, 
but the relays are also very selective, clear- 
ing fault currents less than maximum loads 
and effecting simultaneous operation over 
90 per cent of the section length. High- 
speed a-c circuit breakers, high-speed ‘“‘dis- 
tance measuring” relays, transient shunts, 
and the load presetter, are all new develop- 
ments associated with this electrification. 


3. Use of locomotives and multiple-unit 
cars not having any main circuit breaker. 
Trolley circuit breakers at substations open 
for major faults on the moving equipment. 
Locomotive and substation relays are so 


Paper number 39-27, recommended by the AIEE 
committees on transportation and protective de- 
vices, and presented at the AIEE winter convention, 
New York, N. Y., January 23-27, 1939. Manu- 
script submitted October 30, 1937; made avail- 
able for preprinting December 15, 1938. 


E. L. Harper is a central-station engineer with 
the Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa. 


The suggestions and recommendations of Mr. 
Griffith, electrical engineer of the Pennsylvania 
Railroad, and his associates, in the development of 
this over-all protective system are gratefully ac- 
knowledged. Also his helpful assistance in the 
preparation of this paper. The co-operation of 
Mr. Watkins and his associates in the consulting 
firm of Gibbs and Hill are likewise gratefully ac- 
knowledged. As stated in the text, the relaying of 
this system was largely a joint effort of the Pennsy]- 
vania Railroad, General Electric Company, and 
Westinghouse. Only that portion for which the 
Westinghouse company supplied all or part of the 
equipment is described. 
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co-ordinated as to disconnect automatically 
faulty equipment after the’ substation 
breakers have opened. 


This paper outlines the general arrange- 
ment of the power supply system from a 
protective point of view, and describes the 
system of relays developed to providecom- 
plete protection from the generators to the 
motive power units. It discusses several 
of the more important relay problems 
which it was necessary to solve in connec- 
tion with the electrification. 


Power Supply System 


The comprehensive extent of the power 
supply system may readily be visualized 
by reference to figure 1 which shows the 
electrified tracks together with the loca- 
tion of the power sources and step-up 
transformer stations, the step-down trans- 
former substations, and principal switch- 
ing stations. 

A typical portion of the power system is 
shown in figure 2. Altogether 25-cycle 
power is available at seven locations, 
either by steam or hydro generation, or in 
most cases by frequency conversion from 
60-cycle power systems in the area served. 
This 25-cycle power is transmitted over 
nearly 1,100 miles of 132-kv single-phase 
lines throughout the 674 route miles of 
electrified territory. It is distributed at 
11 kv over 2,189 miles of trolley from 61 
transformer substations, the majority of 
which are located 6 to 12 miles apart. 

The absence of 132-ky breakers at 
step-up and step-down transformer sta- 
tions is a notable feature. Each trans- 
mission-line section with its connected 
step-up and step-down transformers is 
cleared as a unit by the low-voltage 
breakers in event of fault. 

The transmission lines are “looped in’”’ 
to the 25-cycle generating busses through 
the step-up transformers. This gives 
rise to the designation “‘looped-in” system 
in distinction to a system in which high- 
voltage lines are continuous past generat- 
ing stations. While the “looped-in”’ sys- 
tem was adopted primarily on account of 
circuit breaker capacity and to limit 
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telephone interference, it has also been 
found much better adapted to protection 
by relays. High-voltage lines are pro- 
vided in balanced pairs, there being four — 
lines from New York to Philadelphia and 
two elsewhere as far as protection is con- 
cerned. Physically both of the lines do 
not follow all of the trackage, although 
each station has at least two possible 
sources of feed. The general arrange- 
ment of a step-down transformer station 
is indicated in figure 3. 


The Over-All Relay Problem 


From the standpoint of system pro- 
tection the elements of the system to 
be protected are: 


Generators. 
Generator busses. 
Step-up transformers. 


He See tone 


Transmission lines. 


(a) Line-to-line faults. 
(6) Line-to-ground faults. 


Step-down transformers. 
Low-voltage or trolley busses. 
Trolleys. 


COSTES 


Motive power units. A 


In addition to protection of specific 
apparatus, relays are also used for effect- 
ing the desired sectionalizing under ab- 
normal operating conditions such as out- 
of-synchronism and low voltage. In the 
terminal areas, at New York and Wash- 
ington, 12-kv cables are used instead of 
the high-voltage lines, introducing an ad- 
ditional element to be protected. Special 
protection is also used on the 132-kv 
cables through Baltimore. 

It is evident that the protection of the 
various elements enumerated must be ac- 
complished with careful consideration of 
the co-ordination with the protection of 
other elements so that only the faulty 
section will be disconnected. The more 
important of these co-ordination problems 
will be discussed in the subsequent para- 
graphs. 


A-C Network Calculator 


System voltages and currents under 
fault and load conditions form the funda- 
mental basis for the relay application and 
the determination of these necessary data 
is a major problem. For the earlier 
stages of the electrification many of these 
data were obtained analytically. How- 
ever, for the relaying of the complicated 
system involved in the through electri- 
fication, these data were obtained on the 
a-c network calculator developed by the 
Westinghouse company and owned and 
operated by the railroad (figure 4). 
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yenerators 


In addition to the conventional dif- 
erential protection, generators are equip- 
ed in most cases with induction-type 
overcurrent relays having time and cur- 
ent selectivity with overcurrent relays 
sed on the transmission lines. An ad- 
litional machine protective feature is used 
nm some of the frequency changers to 
orevent building up resonant torsional 
‘tresses when slipping poles. This device 
rounts power reversals at high current, 
ind trips for a fixed number occurring 
vithin a definite time.! 


Aigh-Voltage Lines; 
Line-to-Line Faults 


APPLICATION FACTORS 


. 


The transmission lines are operated 
normally balanced and protected by dif- 
erential current relays at the step-up 
‘ransformer stations and by sensitive 
reverse-power relays at step-down sta- 
ions, as shown in figure 2. The applica- 
ion differs from the normal application of 
palanced line relays in the following re- 
pects. First, the lines are tapped at 
numerous points between the two ends, 
where the balance protection is applied 
ind while the unbalanced loading is 
minimized by operating regulations, pro- 
vision must be made for normal amounts 
pf unbalance occurring in operation and 
maintenance. The sectionalizing breakers 
mtervening between generating stations 
ure arranged for simultaneous operation, 
«xcept for ground faults, to prevent un- 
yalances from this source. Unbalances 
ure created under load conditions by re- 
noval of sections of transmission lines be- 
ween generating stations for servicing 
and by the removal of step-up and step- 
down transformers. Thus, the differen- 
dal current relays are necessarily of a 
calibrated type which can be set inter- 
nediate between unbalance occurring 
inder load conditions and those which will 
xeccur under fault conditions. 


3 ALANCE LINE RELAYS 


Figure 5 indicates graphically the re- 
juired “trip” and “not trip’ values for 
‘he balance line relays at one location and 
shows the superiority of the CD relay 
‘haracteristic adopted for this applica- 
ion over percentage differential — or 
traight magnitude differential relays 
vhich were also considered. Arrows indi- 
‘ate the progression of relaying quantities 
it the step-up transformer station as 
ther breakers clear from the faulty 
ine. 


. For numbered reference, see end of paper. 
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Figure 1. Map showing New York-Wash- 
ington-Harrisburg electrification with power 
supply and substation locations 


A—Supply point 
©—Substation 
(_]—Switching station 
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POWER SOURCE 
NUMBER 1 


SYSTEM 
SECTIONALIZING 
POINT 


STEP- 
UO SowN 
STATIONS 


POWER SOURCE 
NUMBER 2 


4—> OVERCURRENT 
—— > POWER DIRECTIONAL OVERCURRENT 
> DIFFERENTIAL CURRENT * 


<# DIFFERENTIAL GROUND VOLTAGE 


Fe OVERCURRENT TOTALIZING * 
D VOLTAGE DIP COUNTER 


% USED WITH UNDERVOLTAGE 
FAULT DETECTORS 


Figure 2. Schematic diagram of power sup- 

ply system showing the ‘looped-in" arrange- 

ment of transmission circuits and sectionaliz- 
ing breakers 


These relays are further prevented 
from operating under extreme unbalanced 
load conditions by fault detector relays, 
actuated by undervoltage on either of the 
lines protected. The type AV fault de- 
tectors were specially developed with a 
view to minimizing vibration inherent in 
fast 25-cycle relays when operated close to 
the balance point and at the same time 
providing a high drop-out to pick-up 
ratio. The type AV relay operates in 
0.10 second for a voltage 10 per cent below 
its setting and has a drop-out to pick-up 
ratio of 95 to 98 per cent. 


Backup PROTECTION 


Induction-type overcurrent relays are 
provided for backup protection and single- 
line operation. An extremely high ratio of 
maximum load current to minimum fault 
current through step-up transformers was 
encountered due to the following factors: 


(a). The step-up transformers have a 250- 
per-cent-five-minute rating. 


(b). Two transformers could be connected 
to one line at each station, greatly lowering 
the minimum line fault current per trans- 
former. 


(c), The large variation in connected gen- 
erating capacity. 


Complete solution of this problem re- 
quired fault detectors, actuated from high 
voltage, and at some points automatic tap 
changers to change the relay setting in ac- 
cordance with the number of generators 
connected to the bus. Even then some of 
the minimum faults depend for clearing 
upon action of the generator quick-re- 


268 TRANSACTIONS 


Sooo 


sponse regulators to raise the current 
above the relay setting. 

Figure 6 indicates schematically the re- 
lay protection at a step-up transformer 
station. These relays operate to trip the 
low-voltage breakers as indicated in fig- 
ure 2. 


STEP-DOWN STATIONS 


A typical distribution of the fault cur- 
rents under minimum conditions is indi- 
cated in figure 7, and in figure 8 is given 
the operating characteristic of the super- 
sensitive reverse-power directional-control 
overcurrent relay developed to meet the 
stringent requirements of this application. 
The relay operates rapidly on a reverse 
current only six per cent of the five- 
minute load capacity of the power trans- 
former with which it is used. This 
extreme sensitivity is accomplished by 
increasing the energy in the directional 
element under low voltage and current 
conditions. A saturating current trans- 
former protects the current windings 
under heavy load conditions. Fault de- 
tectors are used to prevent faulty trip- 


ping due to feed back to a good line and to 
assist in energizing a line from the low- 
voltage side Figure 9 indicates the 
reverse-power relay connections for a 
step-down transformer. 


HI1GH-VOLTAGE SECTIONALIZING POINTS 


At Zoo, Perryville, and Thorndale high- 
voltage breakers are provided for sec- 
tionalizing the system. Thorndale and 
Perryville breakers are operated by the 
step-down-transformer reverse-power re- 
lays at those locations. This arrangement 
facilitates obtaining selectivity on a time 
basis with the step-down-transformer re- 
lays since both are of the same type. The 
sensitivity of this arrangement in detect- 
ing a fault is indicated by the per cent 
voltage difference between lines necessary 
to cause operation. Step-down trans- 
formers are four per cent reactance, so 
that eight per cent voltage difference be- 
tween lines circulates full load current. ° 


Figure 3. Single-line diagram of power cir- 
cuits for one of the step-down substations 
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he relay is responsive to six per cent of 
ill load current and hence to approxi- 
lately 0.5 per cent voltage difference be- 
ween high-voltage lines. This is ob- 
iously much closer than a differential 
dItage relay could be set, working di- 
ctly from the voltages of the two lines. 
he Zoo breakers are not operated for 
{ia faults unless backup protec- 
n is involved. 

‘Sectionalizing breakers of the two 
arallel lines are arranged to be tripped 
multaneously for line-to-line faults to 
revent serious unbalance on the good 
ections. 


NALYSIS OF OPERATION 


During the first stage of operation after 
le occurrence of a fault as in figure 7 the 
-ep-up transformer breaker nearest the 
sult and a number of the adjacent step- 
own-transformer breakers open. This 
roduces a redistribution of fault current 
ausing more reversal through the step- 
own transformers at other stations and 
esults in their opening in the second or 
ird stage. The majority of faults are 
eared in a maximum of two stages, the 
omplete clearing occurring in one second 
nade up of components as follows: 


ault detector relay time —0.08 second. 
elay operating times from 0.1 to 0.5 second. 
reaker operating time from 0.16 to 0.20 
=cond. 


Jith certain emergency setups over-all 
perating times of 1!/. or 2 seconds are 
quired for the complete clearing of a 
ult. This may include the opening of 
0 circuit breakers. 

For faults in the Philadelphia-Perry- 
ille-Harrisburg area, a high-voltage 
>ctionalizing operation occurs as the first 
tage followed by the operations indicated 
bove. While the step-up and step-down 


igure 4. A-c calculating board installed in 
Pennsylvania Station, New York City 
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station relays are delayed by one breaker 
time to select with the sectionalizing point 
relays, the over-all clearing time is re- 
duced due to fewer stages of step-down 
transformer breaker trippings. Important 
operating advantages result from the limi- 
tations of the extent of system affected by 
a fault. 


High-Voltage Lines; 
Line-to-Ground Faults 


The step-up transformers are grounded 
at the midpoint of the high-voltage wind- 
ings through comparatively high resist- 
ances with the result that when a line is 
grounded at any one point, that wire is 
lowered to substantially ground potential 
throughout its length, the other wire 
going to twice normal voltage above 
ground. This makes possible the use of 
differential voltage relays connected phase 
to ground at each step-up and step-down 
transformer station, resulting in prompt 
sectionalizing of the line, with the system 
setup in figure 2. It should be noted that 
had the transmission lines been tied past 
generating stations, a transmission line 
throughout the entire length of railroad 
system would have been affected in the 
event of a line-to-ground fault at one 
point. Many other similar factors oc- 
curred in which the “‘looped-in” arrange- 
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Figure 5. Operating requirement chart for 
balance line relays; at Lamokin 


Numbers indicate case numbers of 


G. and H. data 
X = Load condition A. Two S.U. out 


Note: 


same line at S.H. 100,000-kva load 
Philadelphia- Washington 
A — Type CD relay characteristic used 
B — Current differential of same one line 
trip value 
C — Fifty-per-cent-slope percentage differ- 
ential relay 


ment of lines at. generating stations had 
great advantages over other proposed 
operating arrangements. 

In the area in which high-voltage sec- 
tionalizing breakers are used, two stages 
of ground relaying are used, sectionalizing 
of the faulted line occurring as a first 
stage followed by tripping of transformer 
breakers on the faulty portion only. 
Balanced voltage relays of induction type 
are used throughout, selectivity being ob- 
tained on a definite time basis. 

The grounding resistor values were 
chosen of sufficiently low value to pre- 
vent arcing ground phenomena (the losses 
quickly damp out oscillations) but of 
sufficiently high value that with not over 
two or three grounding resistors connected 
per line, the ground fault current would 
keep inductive interference within per- 
missible bounds. The 330-ohm grounding 
resistors limit the ground fault current 
per resistor to 200 amperes. 


Trolley Relay Protection 


THE REQUIREMENTS 


In order to minimize inductive inter- 
ference, burning of trolleys, and interfer- 
ence with adjacent equipment, it was 
decided at an early stage in the electri- 
fication to use extremely high-speed 
trolley protection, and accordingly one 
cycle (0.04 second) total clearing time was 
set as a requirement. A number of pos- 


TRANSACTIONS 269 


co” 
RELAY 
ee 
“cmv “VOLTAGE ey : oF) 
DIFFERENTIAL pT RECALIBRATING 
RELA A CONTACTS 


50 


"by Ht 
field eg 2a Perea l 


CONTROLLING 
Meloy? 


“av” FAULT 

DETECTORS 

CONTROLLING 
CD” 


ac se a Bl 
“250 VOLTIS DIRECT CURRENT 


*cp” CURRENT 
{DIFFERENTIAL RELAY 


Lit Grane, 
le 


DETECTOR 
POTENTIAL YY } 
DEVICE VE 250 
POWER P g 
TENS EMER Ne Ore OET 
20,000 KVA PROTECTION 
- 
Bee Seze 
TO WATT-HOUR bed Ke 
METER AND ae ig 
EE te ore | 
AS eal 
PROTECTION 
Nera TRANSFORMER 
DIFFERENTIAL 


PROTECTION 


sible systems of relaying were investi- 
gated, including a 500-cycle superimposed 
frequency scheme, pilot-wire schemes, 
and the fundamental-frequency schemes 
finally adopted. 

Two types of relay arrangement were 
brought out by two different manufac- 
turers. These may be roughly differenti- 
ated as a relay type supplied by the 
Westinghouse Electric and Manufactur- 
ing Company and an impulse trip more 
or less built into the breaker operating 
mechanism and supplied by the General 
Electric Company. Both of these ar- 
rangements result in one-cycle operating 
time for relay plus breaker and constitute 
the first application of what are today 
known as “high-speed relays’ in a-c 
power systems. 

Each trolley section is normally fed 
from two ends, but with one end open, it 
must be capable, as far as any relaying 
limitations are concerned, of supplying 
for a short time a total load of about 
40,000 kva at 11 kv, or ample power for 
a city of 60,000 people. This enormous 
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Figure 6. Typical relay connections at a 
step-up transformer station 


Note: Recalibrating contact A closed with 

one generator on line; B closed with two 

generators on line; and C closed with three 
generators on line 


moving load draws nearly twice as much 
current as a fault at the remote end of 
the trolley, which gives some idea of the 
problem involved in high-speed clearing 
of faults. 


PROTECTIVE ARRANGEMENT 


Description of one of the schemes and 
its various elements will serve to indicate 
the method of solving this problem. The 
arrangement supplied by the Westing- 
house Electric and Manufacturing Com- 
pany consists primarily of an impedance 
relay of the high-speed type, and overcur- 
rent elements. For longer trolley sections 
with heavy loads the overcurrent elements 
are replaced by an induction-type imped- 
ance relay, as shown in figure 10. 
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In general, the high-speed impedance 
relay, and the instantaneous current relay, 
where used, provide clearing for most 
faults, the two-cycle delay current or 
impedance element providing sequential 
tripping of the remote breaker for faults 
in the end zones. Thermal relays, match- 
ing the trolley heating characteristics, pro- 
tect them against overload and make their 
full thermal capacity usable safely under 
any load cycle. 


IMPEDANCE ELEMENT 


The impedance element is of the 
balance beam type and operates in as little 
as '/s cycle on 25 cycles. This high speed 
is made possible by use of double voltage 
restraint coils, differing in time phase and 
resulting in an almost uniform voltage 
restraint. Therefore, rise of the current- 
coil pull above the restraint is almost in- 
stantly detected by the relay element. 
Advantage is taken of the mutual react- 
ance between trolleys which results in the 
impedance of 96 per cent of section length 
being only 80 per cent of the total section 
impedance. This characteristic, shown in 
figure 11, allows setting the relay balance 
point within 4 per cent of the end of the 
section and still retaining 20 per cent 
safety margin. Figure 11 is based on a 
four-track section, the ratios being less 
favorable as the number of trolleys de- 
creases. 


CURRENT DIRECTIONAL ELEMENT 


The impedance element is used with a 
current polarized directional element 
comparing the direction of trolley current 
with that flowing through the step-down 
transformer bank and having a tripping 
zone as indicated in figure 12 in order to 
select the faulty trolley. It is arranged to 
close contacts with no polarizing current 
provided the trolley current is sufficient. 


Figure 7. Typical fault-current distribution 
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Loap PRESETTER 


A load presetter used with the high- 
speed impedance relay compensates for 
the change in impedance caused by the 
presence of train loads on the trolley sec- 
tions. An idea of the magnitude of this 
effect may be given by taking a typical 
seven-mile section which would have 
about 31/2 ohms impedance. A maximum 
trolley load considered is 3,000 amperes, 
which at an average potential of 11,000 
volts would correspond to 3.67 ohms. 
Thus the impedance of the maximum load 
is roughly comparable with the imped- 
ance of the trolley section. For a fault 
at the one end of the trolley, the imped- 
ance looking into the other end of the 
trolley would be only 70 per cent as great 
if a maximum load were present uni- 
formly distributed as it would be if no 
load were present. The load presetter 
compensates for this effect by providing 
additional voltage restraint proportional 
to the load. 


TRANSIENT SHUNT 


Since instantaneous values are being 
dealt with, and since in an electrical 
system immediately subsequent to the 
occurrence of a fault, a d-c or transient 
component may be present whose magni- 
tude is as much as the crest value of the 
alternating current, a large error in im- 
pedance measurement would take place 
unless some measure were adopted to dis- 
count this transient current. A transient 
shunt was developed for this purpose. 
This shunt removes the transient compo- 
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Figure 8. Supersensitive type CR reverse 
power relay characteristics 


Note: Maximum load current = 1,125 am- 
peres, five minutes. Normal secondary volts 
= 190 


nent of the short-circuit current both from 
the impedance element and from the 
overcurrent elements of the relay equip- 
ment, making it possible to set only for 
the symmetrical values of current which 
are predictable. But for this shunt, an 
element set to trip down to a balance 
point close to the other end of the section 
would trip well into the other sections in 


Figure 9. Typical reverse-power-relay con- 
nections at a step-down transformer station 
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the event of an asymmetrical short cir- 
cuit. Transient shunts have since been 
applied in other high-speed relay applica- 
tions. 


HIGH-SPEED OVERCURRENT RELAYS 


Overcurrent elements of both in- 
stantaneous and two-cycle time-delay 
types were provided. This permits in- 
stantaneous operation for all faults which 
are well above through fault plus load 
current. The two-cycle time-delay relay 
is set just above maximum load current, 
but below those currents which are caused 
by the combinations of load plus heavy 
through fault to the next section. 


INDUCTION-TYPE IMPEDANCE RELAYS 


For longer trolley sections designed to 
carry heavy peak loads, discrimination be- 
tween loads and faults becomes more 
critical and advantage must be taken of 
every available factor. The two-cycle- 
delay impedance relay balances EE? 
against EJ cos 6, and thus has maximum 
torque for current at a particular phase 
angle, which is adjusted to assist in select- 
ing loads from faults. Thus loads may 
be carried of lower impedance than the 
relay setting provided the power factor 
is higher than during faults. In addition 
a thermal type of presetting is used 
which increases the setting in amount 
depending on the load current through 
the relay prior to a fault. Finally, the 
two-cycle delay provides selectivity with 
the breakers of other sections for faults 
outside of the protected section. This 
relay has inherent directional character- 
istics. 


Bus PROTECTION 


After several stages of development in- 
cluding use of induction and instantane- 
ous types of relays measuring differential 
current, the majority of busses have 
finally been protected by percentage dif- 


TRANSACTIONS 271 


132-KV TRANSMISSION LINES 


132 KV 
l2KV 


POTENTIAL 
TRANSFORMER 


CURRENT J 
TRANS- —>S 
FORMERS 


Figure 10. High-speed trolley relays— 
external connections 

Z1 — Firstzone impedance element, MZ relay 

D — Current polarized directional ele- 


ment, MZ relay 
P — Load presetting element, MZ relay 
Z2 — Second zone impedance element, 
CZT relay 
T — Trolley thermal element, TA-2 relay 
TP — Thermal presetter 
S — Transient shunt 


ferential relays type CA-4. These are 
relays having three restraining windings 
and one operating winding. For the trol- 
ley busses, the restraining windings are 
associated respectively with (1) incoming 
transformer feeders, (2) incoming bus 
tie, (3) outgoing trolleys. This relay re- 
sults in extremely fast clearing of bus 
faults and is comparatively insensitive to 
through faults because of the large re- 
straint. The same type of relay has been 
applied with excellent success to generator 
busses. 


TRANSFORMER 
DIFFERENTIAL PROTECTION 


The differential protection of trans- 
formers on a system which does not have 
high-voltage breakers at the station, is a 
somewhat difficult problem. It is ob- 
viously necessary to clear the entire 
transmission line, involving the opening 
of a large number of breakers, in the event 
of a fault involving the differential protec- 
tion of a single transformer. For faults 
in the high-voltage winding of the step- 
down transformer amounting practically 
to line-to-line faults on the transmission 
system, the differential protection trips 
the low-voltage breaker and sets up a 
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characteristic of trol- 
ley directional relay 


circuit for opening the high-voltage dis- 
connecting switches after the fault has 
been cleared as indicated by the resetting 
of the type CA differential relay when the 
fault current is removed. 


OvutT-oF-SYNCHRONISM 


At sectionalizing points located suf- 
ficiently near the electrical center between 
major generating stations periodic dipping 
of voltage forms an out-of-synchronism 
indication. A ‘‘dip counter” relay was 
developed consisting of a counting chain 
of telephone-type relays actuated by the 
type AV undervoltage relay and set to 
trip the system sectionalizing breakers 
for three voltage dips within a five-second 
interval. For very slow pull apart, or 
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Figure 11. Impedance versus distance char- 
acteristic of a four-track section 
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out-of-phase conditions, overcurrent re- 
lays, operating on the totalized current of 
the two lines, produce simultaneous trip- 
ping of the sectionalizing breakers. 


Undervoltage Sectionalizing 


Considerable thought has been given 
to the confining of troubles to a particular 
section of the system by proper sectional- 
izing under certain conditions. In several 
instances low voltages have occurred due 
to various causes. This has resulted in 
loss of power and considerable disturb- 
ance to the system. Undervoltage relays 
have been installed at major sectionalizing 
points set to sectionalize the system auto- 
matically in event of the falling of 
voltage two-thirds of normal for a time 
adjustable between one and five minutes, 


Motive Power Unit Relays* 


As the trolley fault current may be as 
high as 50,000 to 65,000 amperes the use 
of high-speed circuit breakers on the loco- 
motives capable of interrupting the 
maximum faults would have been de- 
cidedly uneconomical. Asa result motive 
power units are operated without any 
main breakers and rely on the substation 
breakers opening for major faults on the 
moving equipment. The locomotive is 
equipped with a single highly specialized 
relay which performs the following func- 
tions: 


(a). For major locomotive faults, which are 
cleared by substation breakers in one-half 
to two cycles, sets up a pantograph lower- 
ing sequence but prevents lowering until 
the fault is cleared. 


(5). Opens motor switches to clear motor 
flashovers without causing a major outage, 
or lowering the pantograph. 


(c). Closes a trolley grounding switch for 
transformer internal faults or sustained over- 
loads, then lowers the pantograph only after 
substation breakers clear. 


(d). Does not operate ground switch or 
lower pantograph on transformer magnetiz- 


*Locomotive relaying is a joint development of the 
General Electric Company and Westinghouse Elec- 
tric and Manufacturing Company in co-operation 
with the Pennsylvania Railroad Engineers. 
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g inrushes in excess of fault currents. 
ich inrushes are sometimes encountered 


ae to bouncing pantographs or when cross- 
g trolley phase and section breaks. 


_ Multiple-unit cars are equipped with a 
single device which performs less func- 
tions but which nevertheless is co- 
ordinated with the substation relaying, 
clearing faulty equipment from the trolley 
promptly after the substation breakers 
open and permitting prompt successful 
re-energizing of the trolley. 

This general arrangement for clearing 
faults on motive power units has resulted 
in exceptionally good operation in the six 
years during which it has been in service. 


Conclusion 


Most faults occur on trolleys and trans- 
mission circuits, one fault being encoun- 
tered per 20 miles of transmission line per 
year, and one fault per 1.17 miles of trolley 
per year. For the complete New York- 
Washington-Harrisburg system this will 
amount to approximately 55 transmission 
faults (grounds and short circuits) and 
1,875 trolley faults per year. A large 
number of these are of a nature which 
clear when the breakers are opened so that 
the affected section may be immediately 
reclosed. 

With the protective arrangement de- 
scribed, entirely adequate selectivity is 
obtained among different protective ele- 
ments of the system under normal condi- 
tions and for certain abnormal system 
setups necessary for maintenance. In so 
far as possible, the designs and settings 
have been planned to give proper selec- 
tive action under the innumerable ab- 
normal conditions which may occur dur- 
ing emergencies, while still permitting full 
use of the power-supplying ability of all 
lines and apparatus. 
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Discussion 


A. R. van C. Warrington (General Electric 
Company, Philadelphia, Pa.): Mr. Harder 
has given a very interesting paper on his 
company’s part of the relay protection of 
the Pennsylvania Railroad electrification 
which recalls for us in the General Electric 
Company the considerable developmental 
work we also did on the same project. 

Referring to figures 8 and 9, the super- 
sensitive directional relay at the step-down 
stations uses a nonlinear circuit to ensure 
reliable torque at low voltage. This cir- 
cuit was used in our 1928 single-phase re- 
actance distance relay though we found later 
that greater amplification could be obtained 
by using a neon lamp to provide the saturat- 
ing and detuning effect at normal potential, 
due to its sharper cutoff. 

Over 80 per cent of the trolley breakers 
are of General Electric manufacture 
equipped with impulse trip, for one-cycle 
interruption. Backing up the impulse trip 
are the CEX relays which, in addition, take 
care of faults below 1,800 amperes. These 
relays contain two induction-cup-type units 
whose contacts are in series. One unit is a 
directional impedance unit and the other isa 
directional admittance unit. This peculiar 
combination was necessary to produce a 
combined characteristic which would fit in 
between load and fault conditions. The 
settings of the two units correspond to the 
section length. The relay operates in one 
cycle to open the holding coil circuit of the 
breaker so that it closely backs up the im- 
pulse trip. The dying away of the holding 
coil flux and the opening of the breaker 
brings the total clearing time within three 
cycles. 

The CEX relay is relatively insensitive 
to transformer energizing transients be- 
cause the operating torque of the directional 
impedance unit is a product of the current 
flux and the flux of the tuned potential cir- 
cuit. It does not require a transient shunt 
because the d-c component produces no 
torque in induction relays. 

The CEX relay gives positive directional 
action even on bus faults which produce 
zero potential because the polarizing po- 
tential winding of the directional impedance 
unit is tuned with a series capacitor with 
which it continues to oscillate for several 


Figure 13. Schematic diagram of locomotive 
relay 
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cycles after the line voltage goes to zero. 
Mr. Harder did not say what precautions 
of a similar nature were taken in the cor- 
responding Westinghouse Electric and 
Manufacturing Company directional im- 
pedance relay to ensure reliable directional 
action on bus faults. 

In some sections the current, potential, 
and phase-angle conditions during maxi- 
mum traffic conditions correspond to a 
fault within the section. In order to avoid 
unnecessary tripping of trolley breakers, the 
CEX relays are normally set high and are 
only dropped to their proper values if the 
rate of rise of the current indicates a fault. 
In order to distinguish rapid rate of rise the 
line current is rectified and then supplied 
to an auxiliary relay which supervises the 
protective relays. Under normal conditions 
the rectifiers produce only d-c which is 
blocked by a transformer. On the other 
hand, a sudden rise of current caused by a 
fault produces a corresponding rate of in- 
crease in the rectifier output and this in- 
crease in turn creates an impulse of current 
in the secondary of the transformer which 
operates the supervising relay. 

These are a few of the many interesting 
problems which were solved for this unique 
application. 


C. Romanovsky (nonmember; General 
Electric Company, Philadelphia, Pa.): E. 
L. Harder’s paper on relay protection for a 
railroad system is of great benefit to engi- 
neers interested in a-c railroad electrifica- 
tion. 

Other relays than those described in Mr. 
Harder’s paper have been supplied by the 
General Electric Company for the solution 
of numerous difficult problems of system 
protection on the Pennsylvania Railroad 
electrification projects. 

Among these were relays of very strict 
requirements for the differential protection 
of the 132-kv underground oil-filled cable 
at Baltimore and Washington. These re- 
lays must stand 5,000 amperes primary for 
five seconds and operate on faults as low 
as 30 amperes primary. 

The relays operate over a two mile run 
(average) of number 10 pilot wire, and are 
meeting the following requirements: 


The relays must not operate on: 

A. Five-minute load...... up to 300 amperes 
B. Through short circuit... up to 5,000 amperes 
C. Through ground fault.. up to 800 amperes 
D. Charging current...... up to 20 amperes 


The relays must operate on: 


A. Short circuit in cable....... from 30 to 5,000 
amperes 

B: Ground on cable........... from 30 to 800 
amperes 


The relay operates on a sensitive percent- 
age differential principle. It contains an 
operating and a restraining circuit. The 
current transformers at the two ends of the 
cable are differentially connected with re- 
spect to the operating coil so that on a fault 
in the cable, current will flow in the operat- 
ing coil and thus operate the contacts. 
During an external fault, the current flow- 
ing in the secondaries of the current trans- 
formers and in the restraining coil opposes 
the effect of any operating current which 
may result from slight difference in the 
secondary currents of the current trans- 
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formers. This restraining action prevents 
operation on through faults. 

For the New York zone, where direct 
current is superposed on a-c apparatus due 
to common rail return circuit, relays were 
developed to prevent opening motor- 
operated disconnecting switches when more 
than 25 amperes alternating current with 
superposed 750 amperes direct current is 
flowing in the circuit and be able to with- 
stand short-circuit currents of 50,000 
amperes. 

In order to reduce the cost of electrical 
equipment in large station areas, groups 
of low-interrupting-capacity normal-speed 
breakers are used for the isolation of faults 
on yard and passenger station feeders, Each 
group of from two to five breakers is fed by 
a high-speed high-interrupting-capacity 
(master) breaker which clears the fault. 
The high-speed breaker is relayed similar 
to other trolley breakers for discriminating 
between load and fault currents and for 
selective operation. 

A relay was developed for selecting the 
faulted trolley before the master breaker 
opens so that when this breaker has cleared 
the circuit and the current through the low- 
interrupting-capacity breaker on the faulted 
trolley has fallen to a safe value, the re- 
lay permits the low-interrupting-capacity 
breaker to open. After the opening of the 
low-interrupting-capacity breaker, the re- 
lay closes the master breaker, and thus re- 
stores service on the unfaulted trolleys. 

The operation of a great number of trol- 
ley-sectionalizing disconnecting switches of- 
fered an interesting problem. They were 
to be operated from distances up to five 
miles by 110-volt 100-cycle power taken 
from 6,600-volt signal lines at points near 
the disconnecting switches. The current 
through the control cable was limited to 0.15 
ampere. Control and position indication 
of the disconnecting switches was to be ac- 
complished over the smallest number of 
wires. Undesirable operation and false 
indication of switch position by induced 
currents during short circuits on the trolley 
system was to be avoided. Hazard of shock 
to operators and maintenance men was to 
be removed. 

A relay and control scheme was de- 
veloped using only four wires for each 
switch. 

Small 110/220-volt insulating trans- 
formers with midpoints grounded are used 
rather than impedance coils. With this 
scheme high induced potentials cannot 
stress the insulation of control devices. 


L. N. Crichton (Westinghouse Electric and 
Manufacturing Company, Newark, N. Ie 
There is an enormous amount of power 
available on this system so that the relays 
and circuit breakers must be capable of 
safely withstanding very heavy short-cir- 
cuit currents. On the first units of this 
electrification the anticipated loads were 
small enough and the sections of trolley 
wire were short enough so that the load cur- 
rent never exceeded the minimum short- 
circuit current. It would, therefore, have 
been possible to protect these sections by 
means of instantaneous overcurrent relays 
set to operate on a high current and time- 
limit overcurrent relays set to operate on a 
low current. Such relays were actually in- 
stalled and in addition instantaneous im- 
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ULTIMATE TRIPPING 


ON SLOW RISE 


DEGREES 


SECONDARY AMPERES 


MINIMUM SHORT- 
CIRCUIT AMPERES 


Figure 1. The load characteristics and the 

tripping point of the type CZT impedance 

relay for long trolley section at varying 
phase angles and load conditions 


pedance relays were installed to secure 
maximum possible simultaneous clearing of 
faults. 

Now the loads are heavier and the newest 
electrified sections are much longer so that 
the load current under some conditions is 
greater than the short-circuit current. The 
anticipated loads and minimum short-cir- 
cuit currents are shown in figure 1 of this 
discussion. This curve also shows the 
tripping characteristics of the time-limit 
impedance relay mentioned by Mr. Harder. 
It will be observed that the relay will trip 
if the minimum short-circuit current is ap- 
plied when no load exists. If a load has 
existed for several seconds, the relay will 
trip when an additional sudden increase in 
current is applied. Finally, the relay will 
trip if current is either gradually or quickly 
added above the values shown on the curve 
at the extreme right. This adjustment dif- 
fers for every different length of line. 

This relay has an adjustable time limit 
of two cycles or more and is intended to pro- 
tect only the far end of the trolley wire. A 
photograph of this relay is shown in figure 
2 of this discussion. The thermal element 
which increases the setting of the relay when 
the load comes on is the nickel wire shown 
at the front of the slider. This picture 
shows the complete relay except for an ex- 
ternal resistance in the potential circuit and 
a shunt reactance in the current circuit. 
This relay is of the induction type and is in- 
herently directional, 

The greater length of the trolley wire is 
protected by an instantaneous impedance 
relay, a photograph of which is shown in 
figure 3. This relay is not inherently di- 
rectional and, therefore, contains a direc- 
tional element shown in the upper left, as 
well as the impedance element in the upper 
right, and the load presetter in the lower 
left. This load presetter is a small motor 
operated by the volt-amperes in the line. 
When the load increases, this motor moves 
and cuts resistance out of the potential coil 
circuit so as to increase the voltage re- 
straint. 

This high-speed relay and its associated 
breaker clears the usual trouble in one cycle. 
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This requires that the relay cannot have 
more than one-fourth cycle in which to — 
operate and sometimes the operation is much 
faster than that. The result of this fast 
operation is that even the heaviest of short 
circuits cannot be observed at the generating 
stations and it is seldom that any burning 
can be found on the trolley wires. From the 
figures given in Mr. Harder’s paper it can 
be calculated that the average section of 
trolley wire has six short circuits per year, 
about five of which are cleared by the high- 
speed relays and one by the two-cycle time-. 
delay relay. 

It was difficult to design a relay to work 
accurately at this high speed because of the 
transient in the circuit. Although this 
transient has practically disappeared in two 
cycles, it is of enormous consequence during 
the first one-fourth cycle when the relay 
must complete its work. The problem was 
solved by the invention of the transient 
shunt, the use of which has since been ex- 
tended to other types of high-speed relays. 


D. R. MacLeod (General Electric Com- 
pany, Erie, Pa.): Mr. Harder’s presenta- 
tion of the relay protection of the power 
supply for the Pennsylvania Railroad 
electrification brings out the interesting 
contrast between the comparatively leisurely 
manner (seconds) in which a high-voltage 
transmission fault is cleared and the get-rid- 
of-it-quick (cycles) attitude toward trolley 
faults. The high level of insulation adopted 
for the 132-kv and 44-kv lines and the 
adequate ground wire and counterpoise 
protection is one justification for this 
philosophy. The ability to isolate any sec- 
tion of transmission between substations 
with only temporary interruption of power 
to these substations, even where only one 
line is available, is another justification. 
There were, of course, additional reasons 
for these engineering decisions since relay- 
ing was not the dominant factor in design- 
ing this transmission line and trolley system. 
While the trolley is provided with a high 
level of line insulation and is shielded by the 
transmission circuits the data given in this 
paper show that 97 per cent of the faults oc- 
cur on the trolley. This relation between 


transmission and trolley faults was expected 
when the system was designed. 
The devices used in the General Electric 


Figure 2. Type CZT time-limit impedance 
relay with load Presetting 
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| Figure 3. Type MZ high-speed impedance 
relay with load presetting 


trolley relaying scheme are described in the 
discussions presented by Messrs. Roman- 
ovsky and Warrington. 

There are important differences between 
this system of relaying and that described 
by Mr. Harder. Our approach to the prob- 
lem has been based to some extent on 
theoretical studies such as Mr. Harder has 
described but we have given even greater 
consideration to experiences in the field. 
The majority of trolley faults occur in con- 
nection with the operation of the rolling 
stock and therefore we have given particular 
attention to the troubles which develop on 
these equipments. Our relaying has been 
designed to allow the greatest possible free- 
dom in the design of the rolling-stock equip- 
ments which are always handicapped by 
space limitations. 

The control schemes on different groups 
of locomotives differ in detail. On one 
group it is possible for one locomotive to 
have the impedance characteristics of three 
locomotives for an appreciable time before 
the operation of the ground switch. The dis- 
tinguishing characteristic is however the 
low power factor under this particular con- 
dition. When the ground switch operates 
this “load” goes to zero and the impedances 
measured by the trolley relays are the same 
as if the load had not been present. If the 
locomotive was operating double headed 
the fictitious load would be equivalent to 
four locomotives accelerating and power 
factor will be entirely different from what 
may be expected with four normal loco- 
motives. After the grounding switch closes 
there is a sudden increment of current due to 
the fact that the locomotive impedances are 
reduced to zero and this increment is always 
in excess of the notching increments on any 
of the rolling stock equipments. 

Other examples of this general type based 
on actual experience in the field might be 
recited but it serves to show why our relay- 
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ing system does not attempt to take ad- 
vantage of presetting the relays in accord- 
ance with the characteristics of the load. 

Mr. Harder claims that the transient 
shunt makes it possible to set the high-speed 
relays only for the symmetrical values of 
current which are predictable. Our studies 
of the various types of energizing transients 
which can occur on a locomotive load show 
a wide variety of wave fronts which would 
require a complicated network to handle. 
The symmetrical components of these tran- 
sients are not predictable as they are com- 
plicated by the induction-motor load on the 
secondary of the locomotive. There is some 
inherent shunting of the transient in the 
impulse scheme but we do not take ad- 
vantage of it. No shunting is necessary with 
our impedance relay. The settings of the 
impulse trip have been determined by field 
experience during the ten years that it has 
been in operation on this electrification. 

Our first line of defense is the impulse 
trip. This scheme was originated by J. W. 
MeNairy and is described by him in AIEE 
TRANSACTIONS, volume 47, October 1928, 
page 1276. The second line of defense is 
the distance relay described by Mr. War- 
rington which can be set to cover the entire 
distance between substations. It is not de- 
sirable to take advantage of the mutual 
impedance between trolleys (see figure 11 of 
Harder’s paper) because this mutual may 
not be there when it is needed most and it is 
possible to visualize conditions when it is 
in the wrong direction. On the Harrisburg 
electrification a few rate-of-rise relays were 
provided for those sections of the railroad 
where it was feared that abnormal operating 
conditions might show that it is desirable to 
have an additional means of discriminating 
between a load and a fault. The experience 
gained with these equipments will be of 
value in working out adequate protection 
for the trolleys as substation spacings are in- 
creased. However, it should be noted that 
the trend of operation practices on this elec- 
trification is in the direction to make the re- 
laying problem considerably easier than was 
first visualized. 

An important consideration in distance 
relaying is the variation in the impedance 
characteristic of a locomotive with varia- 
tion in trolley voltage. It may be shown 
from a consideration of the characteristics of 
the a-c series motor that for a given trac- 
tive effort, field connection, and power 
factor the impedance as measured at the 
pantograph of a locomotive varies as the 
square of the applied voltage and that for a 
given tractive effort the minimum imped- 
ance varies directly as the applied voltage. 
The minimum impedance of two locomotives 
pulling the heaviest freight train which we 
know of from Enola (across the river from 
Harrisburg) to Waverly, N. J., is of the order 
of ten ohms at approximately 80 per cent 
power factor with a trolley voltage oye allt 
ky. If the freight train is half the size but 
has two engines on it to get motive power 
to the other end of the line, the minimum 
impedance will probably be the same as with 
the heavier train. The locomotives in pas- 
senger service present the real problem. A 
train which could operate with one engine 
may be double heading and the engineer 
may elect to accelerate rapidly. The 
minimum impedance may be seven ohms 
and the power factor near 85 per cent. As 
the train speeds up to running speed in 
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passenger service, the power factor goes 
above 90 per cent and the impedance in- 
creases. The impedance of the double- 
headed passenger train at the power factor 
corresponding to the angle of the line will 
probably be the same as that of the heavy 
freight train. This impedance is, of course, 
much greater than the minimum impedance. 
In the case under consideration it would be 
approximately 12.5 ohms. If the voltage 
falls to 8,500 volts the impedance of the train 
at the power factor corresponding to that of 
the line may be 7.5 ohms. Because of the 
rapid acceleration of the passenger train 
the highest values of current are only ex- 
perienced for a matter of seconds so that the 
trolley is not overheated. The distribution 
of passenger trains running with several 
sections is considerably closer than is usual 
in freight operation. It is, of course, diffi- 
cult to predict what the groupings of trains 
will be under abnormal conditions of opera- 
tion and therefore the railroad engineers 
specified certain conditions as a basis for 
working out the relay problem. The Gen- 
eral Electric Company’s system of trolley 
relaying was given the greatest flexibility 
that modern relaying permitted as it was 
recognized that future developments might 
prove that the specified conditions were 
inadequate. 


W. A. Lewis (Cornell University, Ithaca, 
N. Y.): Certain phases of the paper by Mr. 
Harder appear to justify further amplifica- 
tion and emphasis. It is stated in the paper 
that prior to the advent of the a-c network 
calculator, the short-circuit currents were 
determined analytically. It has been the 
practice for a number of years on a large 
number of systems to use the d-c calculat- 
ing board for the determination of short- 
circuit currents, and some question may 
arise as to why the d-c calculating board 
could not be used in this case. The d-c 
calculating board introduces the funda- 
mental assumption that the phase angles of 
the various impedance elements entering 
into the network are so nearly the same that 
they may be assumed equal without intro- 
ducing appreciable error in calculation. In 
this case, the frequency is 25 cycles, with the 
result that the reactance components are 
less than half of what they would be if the 
same circuit elements operated at 60 cycles. 
Because of the relatively large resistance 
components in the transmission circuit ele- 
ments, the ratio of reactance to resistance is 
quite low at this frequency, and the phase 
angle of the circuit element is therefore 
relatively small, in the order of 45 degrees. 
On the other hand, the phase angle of the 
transformer elements remains quite high, 
in the order of 80 degrees or more, with the 
result that the phase angle of the trans- 
former elements is much greater than of 
the line elements. For a fault in any given 
location there are numerous parallel circuits 
involving the step-down transformers in the 
several substations, and the division of 
current between these parallel branches is 
important in the application of the relays. 
Because of the wide phase-angle difference 
just described, it was not possible to obtain 
sufficient accuracy in a solution made on the 
d-c calculating board, and accurate represen- 
tation on a miniature system was therefore 
not possible until the a-c network calculator 
became available. 
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Another feature deserving of mention is 
the mutual impedance between the several 
parallel trolley-rail circuits, due to induc- 
tive coupling between the parallel trolleys, 
and to the common use of the rail and earth 
in the return circuit. Mutual impedances 
of this character are difficult to represent on 
a d-c calculating board when the number of 
parallel circuits exceeds two, as it does on 
the Pennsylvania Railroad when more than 
two tracks are involved. This problem can 
be handled readily on the a-c calculating 
board by the use of mutual transformers 
which have previously been described. 

The description of the protection of the 
extensive power supply system for this rail- 
way invites a comparison with the relaying 
of public utility systems. Two important 
differences may be noted between the two 
different forms of power supply. With the 
railway system, the load is distributed along 
the trolley circuits, and moves rapidly from 
one location to another. This means that 
the currents and the impedances measured 
by the relays for a short circuit in a given 
location will vary considerably depending 
upon train location and the load drawn at 
the time the fault occurs. This is in con- 
trast with the public utility system in which 
the major load is almost always drawn from 
fixed substation locations usually at bussing 
points, and does not move rapidly from one 
place to another. The so-called “load pre- 
setting device” which recalibrates the relays 
as a function of the load just prior to the 
fault is an unique and interesting method of 
overcoming the problem encountered. 

The second notable point of difference is 
the use of high-voltage lines with the 
large number of substations tapped in with- 
out the use of high-voltage breakers at any 
of the substations. Although there has been 
a certain tendency to eliminate the high- 
voltage breakers in the power system, it has 
never been practiced to anything like the 
extent utilized by the railroad. The high 
speed of protection obtained with this lay- 
out, which appears very complicated to the 
relay system, is quite notable. The develop- 
ment of the very sensitive reverse-power re- 
lays indicates what can be done when the 
necessity arises. The absence of high-volt- 
age busses makes possible the very unique 
use of balanced voltage relays for the pro- 
tection and isolation of ground faults. 

It is also interesting to note the develop- 
ments in the railway field which have found 
application in the utility field. The most 
notable of these is the use of the high-speed 
balanced-beam type of impedance relays. 
Although the principle was not new at the 
time, the railway installation represented the 
first installation in the United States of the 
high-speed impedance relays operating on 
this principle. Impedance relays operating 
on the same principle are now the accepted 
means of providing the highest speed phase- 
to-phase protection on utility systems, being 
used in the majority of distance relays, and 
being the backbone of the carrier-current re- 
lay system which has found the greatest 
favor in the last few years. 


E. L. Harder: The supplementary informa- 
tion contributed by the several discussers 
on the trolley relays is the most valuable 
addition, making the paper a rather com- 
plete description of the over-all relay system 
from generator to motive power equip- 
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ment. The paper had covered the protec- 
tion of eight main system elements but had 
described only the Westinghouse form of the 
trolley relay protection. The discussion 
completes the picture of this particular 
element of the relay system. Strangely 
enough, however, the high-voltage system 
represents by far the more difficult and 
complicated relay application problem. 
Certain questions and points are raised by 
the discussers requiring additional informa- 
tion which is given in the following. 

Mr. Warrington states that the CEX re- 
lay operates in one cycle. We assume that 
this refers to its operating time for faults 
close to the relay since if it operated with 
this speed for faults at the remote bus it 
would trip also for faults on that bus or in 
the next section. The delayed relay time 
mentioned in the paper for the CZT time- 
delay impedance relay is given for fault at 
the remote bus. 

He has requested to know how the West- 
inghouse company has solved the di- 
rectional-relay problem which exists on a 
single-phase system susceptible to solid 
faults. A current polarized directional relay 
was used in which the totalized current of 
the step-down transformer supplies the 
polarizing element of the relay as shown in 
figure 10. Thus voltage is not required on 
the directional element. Its characteristics 
are shown in figure 12 of the paper. 

Mr. Romanovsky describes the protection 
of the oil-filled cables and lists the setting 
requirements. It would of course have been 
interesting to go into this detail for other 
of the relays but the space limitations of the 
Institute paper do not permit. He has de- 
scribed the manual remote control of sec- 
tionalizing switches. We fail to see what 
connection this has with a paper on protec- 
tive relaying. 

In Mr. Crichton’s discussion, figure 3 
shows the current polarized directional ele- 
ment mentioned above. His explanation of 
the difference in the importance of transient 
shunt for a fractional cycle relay as com- 
pared with a relay operating in one or two 
cycles is particularly significant. 

Mr. MacLeod mentions that the normal 
clearing times (one or two seconds) used on 
the high-voltage system are justified by the 
ability to sectionalize and obtain only 
temporary interruption of power to sub- 
stations. Out of 61 step-down substations 
only three received power from a single line 
and these three have adjacent stations fed 
from both lines with consequent trolley 
feed. Therefore in almost all cases faults 
can be relayed out without interfering with 
loads at all. At the three stations fed from 
a single line the question of whether the 
line is cleared in a cycle or a second does not 
affect the duration of time required to sec- 
tionalize faulty line and re-energize the sta- 
tion. It does not appear that the ability 
to isolate any section of transmission has 
anything to do with the justification of 
normal-speed relaying. The matter of prime 
importance is that the clearing of high- 
voltage faults does not interrupt power to 
the trolley and consequently higher speeds 
are not essential. 

He questions the ability of the transient 
shunt to make possible setting for sym- 
metrical component of current only and 
mentions different wave fronts of locomotive 
inrush current. The high-speed impedance- 
relay setting is actually based on the sym- 
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metrical component of current and the relay 
is set to produce simultaneous tripping over 
80 per cent of the section length. In view 
of the large number of trolley faults (one 
per mile of trolley per year) this is unques- 


tionably proof of the efficacy of the tran-— 


sient shunt. There is a disagreement in view 
of the transient shunt in its function. Mr. 


Warrington assumes (correctly) that the 


transient shunt removes d-c component 
and states that his CEX relay does not re- 
quire a transient shunt because the d-c 
component produces no torque in induction 
relays. Mr. MacLeod states that their 
studies 
fronts which would require a complicated 
network to handle.’’ This would seem to 
require some further explanation of the 
transient shunt action. 

If a sine-wave voltage is impressed on a 
resistance-inductance circuit at some par- 
ticular instant of time a current flows which 
has a d-c component dying out with a cer- 
tain time constant L/R. If this process is 
reversed and the same current (except in 
secondary terms) is passed through the same 
resistance and inductance (or values pro- 
portional thereto) the sine-wave voltage 
(except in secondary terms) will be repro- 
duced, without any d-c component. If then 
this voltage were used to supply a pure re- 
sistance relay the relay current would be 
proportional to the symmetrical component 
of line current only. The exact theory upon 
which the design is based takes account of 
the actual relay burden in determining the 
correct proportions. However, the fore- 
going picture is a quite accurate representa- 
tion of what occurs. It is apparent that the 
shunt is effective right from the start and 
hence usable on a relay which has an operat- 
ing time of less than one-fourth cycle. The 
time constant of the d-c transient on the 
Pennsylvania Railroad trolley circuits is 
about one-third cycle for fault at the remote 
end of the trolley. The transient is therefore 
not of much importance anyway on the CEX 
relay which Mr. Warrington states operates 
in one cycle. We would expect it to have 
some effect on the impulse trip which oper- 
ates in a fraction of a cycle. It is possible 
to obtain a much larger zone of simultaneous 
high-speed action of breakers at both ends 
of the line through the use of the transient 
shunt. 

Mr. MacLeod states that it is not de- 
sirable to take advantage of the presence of 
the paralleling trolleys because they may 
not be there when needed. Mr. Boehne 
pointed out in his oral discussion that ad- 
vantage is taken of the paralleling trolleys 
in the General Electric scheme in preventing 
the impulse trip from operating for faults 
at the remote bus. The same objection ap- 
plies in both cases. Also, in both cases the 
answer is the same. The advantages which 
accrue under all normal and reasonable 
abnormal conditions are well worth suffer- 
ing the slight adverse effects under extreme 
abnormal conditions. 

Mr. MacLeod also suggests that the 
mutual might be in the wrong direction. 
This seems like an unnecessary suggestion. 
to make without good cause. For a fault 
near the remote end of a trolley, which is 
the only condition under which mutual 
impedance between trolleys affects the relay 
one way or the other, currents flow in the 
same direction in all the trolleys, namely, 
toward the fault. Thus the currents in the 
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IBER-GLASS textiles have achieved 

considerable importance in the field 
of electrical insulation since their intro- 
duction to industry a few years ago. De- 
sign engineers are finding in them a solu- 
tion to special problems which heretofore 
had been solved only inadequately or 
temporarily at best. 


It is a well-known fact that the output 


rating of a piece of electrical equipment 


is limited first of all by the temperature 
its insulation will stand without excessive 
deterioration. The commonly used types 
of organic insulation, that is, cotton, silk, 
linen, and paper, rarely permit a rated 
temperature rise greater than 55 degrees 
centigrade over an ambient of 40 degrees 
centigrade. Where higher temperatures 
were unavoidable, asbestos has been used 
if the attendant space factor was not pro- 
hibitive and the low tensile and dielectric 
strength were not of great importance. 
Mica in many different forms—as the 
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outstanding class C insulation—has been 
used extensively, but the lack of mechani- 
cal strength and the high cost have im- 
posed sizeable limitations. 

Another never-quite-solved problem 
has been that of moisture absorption in 
fibrous insulation. And no amount of 
treatment or impregnation has as yet 
effected a perfectly moisture-proof flexible 
insulation that also is heat and oil re- 
sistant. 

It is in the providing of a more satis- 
factory solution to these two specific 
problems of heat and moisture resistance 
that fiber-glass insulation, up to the pres- 
ent time, has contributed most exten- 
sively. Other characteristics such as 
chemical stability and mechanical 
strength coupled with heat and moisture 
resistance are proving increasingly valu- 
able. Concrete examples of the resistance 
of fiber glass to the effects of corona to- 
gether with outdoor moisture conditions 
have come to light recently in connection 
with its use on neon-sign lead wire. 

Glass as an electrical insulator has been 
used for many years, but only compara- 
tively recently has it achieved flexibility. 
In so doing it has become the first totally 
inorganic textile—one whose characteris- 
tics observed in the laboratory and in 
operation have proved it to be as good as, 


adjacent trolleys acting through the mutual 
impedances increase the effective impedance 
of the relayed trolley which is as desired. 
When the remote breaker opens, if the fault 
is between the relay and the remote station, 
currents in the other trolleys reverse and flow 
toward the relay and thence over the faulty 
stub end trolley to the fault. Again this is 
also desired. The effective impedance is 
lowered by the mutual and the high-speed 
impedance-relay element which was set 
short of the remote bus when all breakers 
were closed is actually able to clear a fault 
at the remote end of the trolley as soon as 
the remote breaker opens, by taking ad- 
vantage of the reversal in current direction 
in the parallel trolleys. This covers all of 
the possible conditions. Thus the mutual 
voltage drop is sometimes in the reverse 
direction but never in the wrong direction 
as Mr. MacLeod suggests. 

The implication that variation of loco- 
motive impedance as the square of line volt- 
age depends on series-motor characteristics, 
is somewhat misleading. Given any type 
of load operating at a given voltage on the 
secondary of the transformer; raise the pri- 
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mary voltage, and change the transformer 
taps so that the secondary voltage is the 
same as before; the impedance (ratio of 
voltage to current) as viewed from the pri- 
mary side of the transformer will have in- 
creased as the square of the voltage. This 
is for the simple reason that the turns ratio 
increases directly as the voltage. Imped- 
ance varies as the square of the turns ratio. 

The really important thing is that the 
series motor behaves like an impedance at 
all, that is, that when the applied voltage 
is suddenly raised or lowered, current raises 
or lowers proportionally in a negligible part 
of acycle. For example, if the applied volt- 
age falls to zero the motor current falls to 
zero so fast that the difference in time is not 
distinguishable on a film with cycles spread 
out to one inch. This would not be the case 
at all with synchronous motors for example, 
which would feed heavy short-circuit cur- 
rent in the trolley when it is faulted. 

Mr. Lewis has compared the railway 
transmission system with conventional 
power-system practice. His broad experi- 
ence in both fields makes this comparison 
of particular value. 
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and in most cases superior to, other fibrous 
materials used for electrical insulation. 

The fibers are pure glass and the funda- 
mental process which converts the original 
batch into molten glass is the same as 
that used in making milk bottles or 
window panes. Some of the batch con- 
stituents are also the same. The im- 
portant difference between ordinary 
glasses and those used in making electrical 
insulation is that the latter contain no 
monovalent substances and are alkali 
free. To be alkali free is an essential 
property because alkali leaches to the 
surface, thus presenting an ionizable salt 
which, under conditions of high humidity, 
decreases the insulation resistance con- 
siderably. This phenomena is aptly 
illustrated by tests on a low-alkali glass 
tape and a similar one which was made of 
alkali-free glass. After 72 hours in a 
constant relative humidity of 90 per cent 
at 100 degrees Fahrenheit, the insulation 
resistance of the alkali-free glass was 40 
times that of the low-alkali glass. 

The data herein are presented to indi- 
cate some of the more important proper- 
ties of fiber glass and some of the funda- 
mental reasons for its acceptance as an 
answer to specific problems in the field 
of electrical insulation. These data are 
discussed in considerable detail and com- 
parisons are made to other commonly 
used types of insulation. 


Glass fibers are produced in two distinct 
types, staple length and continuous. The 
former are comparatively short fibers 
from 8 inches to 15 inches long and 
approximately 0.00025 inch in diameter. 
Fabrics made from these short fibers re- 
semble cotton or woolen ones. The 
continuous fibers, as their name implies, - 
are produced in continuous lengths 
limited only by the size of the spools 
upon which they are wound. They 
average 0.0002 inch in diameter. 


The staple-length forming apparatus 
consists mainly of a small electric resist- 
ance furnace, a steam blower with 
nozzles for producing high-speed steam 
jets, a chain conveyor, and a packaging 
machine, One-third-ounce glass marbles 
are fed into the top of the furnace auto- 
matically one at a time, and are melted. 
The furnace is made of high-temperature 
refractory material with the exception of 
the bottom which is made of a precious 
metal alloy. The molten glass passes 
through small orifices in the alloy from 
which point the resulting filaments are 
blown downward onto a drum-type con- 
veyor by high-velocity steam jets. Lu- 
bricating oil is sprayed onto the fibers as 
they are being blown downward onto the 
chain in order to minimize the interfiber 
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Table |. Breaking Strength in Pounds (Mini- 
mum of at Least Five Readings on Each 
Sample) of Staple- and Continuous-Fiber 
Alkali-Free Glass Tapes at Room Conditions 


Thickness (Inch) 


Width 


(Inches) 0.010 0.015 0.020 0.025 
Staple 
Wa xe const OO Naya er Sbmersee LOD e ries * 
WAS 8G 00 0 68.55. LOST oueene UP eeraitans 132 
Won. was LLON ae PSS. 183 shee 231 
A etooinne ROOm oie LG Tianergee ZED) vatancyas 290 
MIs sheets Lee aices ape tls DOOM Tm BOS tn wer 346 
IRV ABST eae QO Sze rset 2987 capes COU S Spe 400 
Continuous 
Vi Care cee VOM an: Le Eee 186 
S73 atawiens Olio vote eee ae 265 
Bes fokete1s i Nes one acta 285 ic rea 346 
Saeco BPA Vig te Sone a ahs ave 440 
Dae ee tees 280) canine B04 SS tei 595 
Ny Areceroesiais NE sates ion GOs tee... 850 


* These sizes not available for test. 


friction during the subsequent processing. 
Being prevented from blowing off the 
chain by air suction beneath it, the mat of 
fibers is then drafted into a single sliver 
by winding the latter on a two-inch- 
diameter paper tube whose linear veloc- 
ity is greater than that of the drum con- 
veyor. The tubes of sliver are then 
placed on textile spinning machines where 
the yarn is spun in the same manner as 
cotton or wool yarn. 

The continuous process differs from the 
staple process mainly in the manner in 
which the fibers are drawn from the fur- 
nace. Here no steam jets are used. The 
fibers (102 of them) are drawn together 
into a single filament and are pulled down 
from the furnace mechanically by winding 
on a bakelite tube fastened to a spindle 
revolving at high speed. Lubrication is 
accomplished by passing the filament over 
an oil-soaked felt pad. The filament 
made up of 102 individual fibers is wound 
on the tube at the rate of 6,000 feet per 
minute. (One marble will produce over 
a mile of the filament or about 120 miles 
of individual fiber.) At this point the 
product is ready for the twisting opera- 
tion in the textile fabrication sequence. 
The yarn and fabrics produced from con- 
tinuous fibers resemble silk or rayon in 
appearance, 

In general, staple-fiber products are 
preferable where a heavy type of insula- 
tion is required. Continuous fabrics 
have their advantage where space factor, 
impregnating qualities, or appearance, are 
of primary importance. 


Tensile Strength 
This is one of the more important 


properties of electrical-insulation textiles 
and perhaps the most important me- 
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chanical one, not only because of the 
obvious reason, but also because it pro- 
vides an excellent means of measuring the 
effect of other test and operating condi- 
tions upon fibrous materials. For in- 
stance, the effect of heat, acids, weather- 
ing, etc., may be evaluated by noting the 
corresponding change in tensile strength. 

Glass fibers of diameters such as are 
used in making textiles for electrical in- 
sulation have extremely high breaking 
strength. The value for individual fibers 
of the order of 0.0002 inch in diameter has 
been shown to be in excess of 1,000,000 
pounds per square inch. No other textile 
fiber approaches this figure. Tests also 
show that woven glass fabric is stronger 
than other textile fabrics. 

Table I shows the minimum breaking 
strength of some of the standard staple- 
fiber and continuous-fiber alkali-free 
glass tapes used for electrical insulation. 

Table II shows the breaking strength 
of standard 0.010 inch by 1 inch staple- 
fiber glass tape after subjection to dif- 
ferent temperature cycles simulating those 
which a piece of electrical equipment 
might encounter under severe operating 
conditions. It will be noticed that after 
a temperature cycle of 500 degrees 
Fahrenheit for 30 minutes each day for 
ten consecutive days the tape still re- 
tained 79 per cent of its original strength, 
After 400 degrees Fahrenheit for 30 
minutes, its strength even increases 
slightly, probably due to the decreased 
viscosity of the processing oils permitting 
a greater equalization of stress among the 
individual fibers. 

One accepted test of heat-resistant 
insulation is to subject it to a temperature 
of 300 degrees centigrade for five minutes. 
A series of these tests has shown that con- 
tinuous-fiber glass tape retains from 87 
to 92 per cent of its original strength and 
staple-fiber tape retains from 85 to 95 
per cent. Similar tests showed that 
underwriters’ grade asbestos tape loses 
approximately 46 per cent of its original 
strength. (After subjection to this 
temperature, cotton tape did not have 
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Figure 1. 


sufficient strength to permit tensile 
strength tests.) 

The effect of heat on the tensile strength 
of asbestos, cotton, and fiber-glass tapes 
is shown graphically in figure 1. Each 
curve represents averages of numerous 
determinations obtained over a period of 
a year. 

Data below 600 degrees Fahrenheit were 
obtained by heating the tape in an elec- 
tric resistance oven for at least 24 hours 
in each case and then breaking the speci- 
mens in a pendulum-type tensile-strength 
tester, the average of five good breaks 
being used to determine each point. 
Above 1,000 degrees Fahrenheit the data 
were obtained by heating the tape in a 
small electric furnace and then determin- 
ing the breaking strength in the same 
manner. No data were obtained between 
600 degrees and 1,000 degrees; hence. 
that portion of the curve is dotted. 
Throughout this series of tests, the maxi- 
mum deviations from the mean were 
+10.5 per cent and —20.5 per cent. 


Table Il. Breaking Strength in Pounds of 0.010 Inch by 1 Inch Staple-Fiber Tapes After Sub- 
jection to Different Temperature Cycles Simulating Those Which Might Be Encountered by 
Electrical Equipment in Operation 


400 Deg F for 
30 Minutes Each 
Day for 10 Con- 

secutive Days 


Original 
Conditions 


400 Deg F for 
30 Minutes 


500 Deg F for 
30 Minutes Each 
Day for 10 Con- 

secutive Days 


500 Deg F for 
30 Minutes 


BA.) awiicro otohtara MUG roo 6 Kogan sthn keasou yaa oaniy 
sifele Poxeretanieoie sclets Meponuca ute snot tina oagossnnoo 5 olay 
Osos siereusasaeneearaens LOO uaa nr eisci20 On eat ae enn G3 
ROMANO OC ah bb Loser ohob on smell Oas can abeeeoa daily 
eeKele\iniebajerayo eaten Epo oootocnon dsc WSn6 oom on domo Ute 
OOOO SOD oS 10 Ol rei) « setereutstersieied O 4.2 aa eT CG, 
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Table Ill. Flexing Endurance 
Samples 0.010 Inch by 1 Inch by 17 Inches 


Yellow Yellow 
Varnished Varnished 
Cotton Glass 
Cloth Cloth 
eee eee ee a 
Alsmrecelved une 04s wr enLOOkeate 2,700 
After 280 deg F 24 hours... ,. L200Q5 26. 72,000 
After 350 deg F2hours...___ 4,500..... 80,000 


SS eS a a 


These curves show that glass tape is 
from 2 to 20 times as strong at room 
temperature as similar tapes made of 
other commonly used fibrous materials. 
The strength of glass tape does not di- 
minish appreciably up to 600 degrees 
Fahrenheit and after 24 hours at 800 
degrees Fahrenheit, it still retains half of 
its original strength. 


Resistance to Abrasion 


There is a wide variation of opinion as 
to what constitutes a proper test for the 
abrasion resistance of textiles. For this 
reason no conclusive tests have been 
made on fiber-glass fabrics. Tests have 
been made, however, on untreated and 
on impregnated tapes by sliding a five- 
pound steel weight (the bearing surface 
being knurled and on one-half inch radius) 
back and forth on a one-inch-wide speci- 
men stretched over a steel plate. Revo- 
lutions of the reciprocating arm which 
drove the weight were counted until 
electrical contact was made between the 
five-pound weight and the steel plate. 

With this method of test, untreated 
fiber-glass tape appeared to be on a par 


Unimpregnated Cotton, Asbestos, and Fiber Glass 
Tapes 


All Samples 0.015 Inch by 1 Inch Nominal’ Except the Cotton Which Was 0.011 Inch by 1 Inch 


oo 


Table IV. Dielectric Strength of Standard 


As Received 


Washed* 
Volts Per Mil Volts Per Mil 
Average Average 
Thickness Maxi- Mini- Thickness Maxi- Mini- 
(Inch) mum Average mum (Inch) mum Average mum 


Cotton scmeraeeis Soniodiv wn) DOL om RON Dn Odo SecGen ines QROUSC carn O choline MoSnO Moore 
Asbestos NSS AS Icoc CaO anne ONOLS i nO One me oS owen 40. Oicnie, ORORO Lire On GrrenD lias emia e) 
Continuous-fiber glass... , OQROUGS Rm OG; Ove Gan din <Ootin cee OMOUB Ginn LO Zeer 7280 eunere Oto 
Staple-fiber glass........., OROTG aren Osu Om Oe Oman Soetiawnr ys ONO SZ en LOZ nore G).0 nn Ode 


Nore: Tests were made by the short time method at room temperature of approximately 80 degrees 
Fahrenheit and 65 per cent relative humidity using one-fourth inch diameter brass electrodes and increas- 
ing voltage at the rate of 500 volts per second to breakdown, Each value is maximum, average, or mini- 
mum of ten readings of breakdown voltage divided by the average of ten readings of thickness. 


* Samples were washed by boiling for 15 minutes in water containing 0.5 per cent soap and 0.2 per cent 
soda ash by weight; then dried in an oven at 225 degrees Fahrenheit for 30 minutes and conditioned at 


room conditions (approximately 80 degrees Fahrenheit and 65 per cent relative humidity) for at least 


96 hours. 


with equivalent asbestos tape, but weaker 
than cotton. The samples were not en- 
tirely comparable, however, due to the 
more open weave of the asbestos and the 
glass. Similar tests on impregnated tapes 
showed the glass tape to be the strongest 
of the three. 

One or two manufacturers have said 
that some difficulty has been experienced 
due to the cutting of glass on sharp edges 
of metal during coil-winding operations. 
Others say that with reasonable care on 
the part of the workmen no difficulty is 
encountered. 


Flexing Endurance 


Insulation for many applications re- 
quires a considerable degree of flexibility 
and at the same time endurance to flex- 
ing, both during the treating and im- 


pregnating processes and during applica- 
tion on or in the finished equipment. 

That glass fibers are spun, twisted, and 
woven on standard textile machinery into 
fabrics as thin as 0.002 inch is some indica- 
tion of their flexibility. Using the test 
apparatus described below, five samples 
of standard 0.010-by-l-inch untreated 
continuous-fiber glass tape broke after 
an average of 26,500 flexes. Table III 
shows the number of flexes required to 
break one-inch-wide samples of 0.010 
inch thick commercial yellow, varnished, 
cotton, and glass cloths after various heat 
treatments. 

In making these tests one end of a 
sample 17 inches long was attached to a 
clamp fastened to the rim of a pulley 13 
inches in diameter. The other end of the 
sample was attached to a stationary clamp 
placed below the pulley clamp so that 


Table V. Dielectric Strength of Varnished Fiber-Glass Cloth as Compared With Standard Varnished Cotton Cambric After Short-Time Heat 


Treatment 


Volts per Mil 


After 250 Deg F for Two 


After 350 Deg F for Two 


After 450 Deg F for Two 


As Received Hours Hours Hours 

Average ; = ; = 
Thickness Mini- Average Maxi- Mini- Average Maxi- Mini- Average Maxi- Mini- Average Maxi- 
(Inch) mum mum mum mum mum mum mum mum 

Yellow Insulating Varnish 
ADA UES Re eee BA. 5.12 GUE so LOSS Acstasse EU sega ORD oie O46: feraraayes 1 OR e rin x LOU9 van cee 964..... LO65ic5. < 1,121 
ae eiereiciessparsha.<ae = GOTOG aa. s< Bai awnns POUR eee) OO Taree met ty LUD cic lole i Tn UE Ree POO. cea 20d spies & Rye oie scKs UU er ie nL iter 1 A87.ee on 1,586 
Black Insulating Varnish i iy ee a ae 
OOO OES CHOLOG eee BLAS ee 29G oe LBS r eres tod BOD oN O0 On coy Aes ace pe DG OZ vie cnie Dye 5335 Soha (052.....1, Fits awk loo 
ae ee hock O!0095. ee ss ee eons PBS oe at OOS artecles US in ae UB O2 acc al DOO aptetelr pM Vis cred REY P7A5 1,680 Mee LOO kimrehers TOM san, OLS: 
meee eS 523 169 403 675 201 440 638 
eie/edue ‘DWDOE occoos Biveoece SUES S44 nee 202. -00% 422 523.. Dies 75......, 201..... d 38 
one ee 0. 097. «076 ac Oooo os 563... GOGe spss = 2 SERVOS ners Bl bc tee 2 ae DAS sean LOI a Odimreare sete DAL ciate GOD) vo. 917 
Digg eoene 0. 001. 2... 139,00) Bigs S12, aoe: 152 538..... 721 LOB rss: 122... 141 99..... BE er 129 
Piece ninss ea. 2... 00..0098......: 7383.05 B76.¢ cS ee ECO 933.....1,242 DEO e462 6406 aie 156..... 398.....1,015 


Nore: All samples in table V were taken from standard rolls of cloth var 
Nominal thickness of cloth w 


being used on both the cotton and the glass. 
micrometer are shown for the cloth as received. 


i i i ly for each sample. 
by the average of ten readings of thickness determined separate D A 
sage 80 ae Fahrenheit and 65 per cent relative humidity, using standard two-inch-diameter electrodes. 


to breakdown. 


* Samples were creased by bending double both ways and creasing between thumb and index finger as in creasing paper for tearing. 


over the creases. 
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nished by a manufacturer of varnished cotton cambric, the same respective varnishes 
as 0.010 inch but actual average thickness determined with a one-fourth-inch-diameter 
Each value of dielectric strength is maximum, average, or minimum of ten readings of breakdown voltage divided 
All tests were made by the short-time method at room conditions of approxi- 
Voltage was increased at the rate of 500 volts per second 


Electrodes were placed directly 
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Table VI. Dielectric Strength of Fiber-Glass Cloths Impregnated With Various Insulating 
Varnishes After Heating at 350 Degrees Fahrenheit for 140 Hours 


ESS 
6 
Sample snumbecannhtevctentn oe clersveacare eee 1 2 3 4 5 
teers SIO Gx Reread PR MRR ibe BR I CALE Clear Clear Clear Alkyd Yellow Black 
air-drying baking baking resin cambric : cambric 
varnish varnish varnish varnish insulating insulating 
varnish varnish 
Average thickness (inch)................0.0067...0.0107.. eee: ; ees ae Mate see Crate 
ff ; Maxi were | Ly460 WAOSin ol, S On nem oe UU) te on , 
Dielectric strengtl™(volts |. ease... 1170... L111.., 1,600... 1661.... 1,383... 1,230 
othe! Minimum..... 893 608.2, 1,194, 5 1,487.0. ..01 100m 1,008 


Norte: Sample numbers 1, 2, 3, and 4 prepared by hand dipping thoroughly clean 0.004-inch-thick con- 
tinuous-fiber glass cloth in comparatively thin solutions of varnishes, each one receiving three coats. 
Samples 5 and 6 were taken from the same rolls of commercially varnished cloth as the samples of table V. 


there was one inch of slack when the 
pulley clamp was at the point of maximum 
distance from the stationary clamp. The 
pulley was rotated at a speéd of 300 
rpm creating a whipping motion causing 
a constant flexing of the fibers within the 
tape. Readings were taken of the time 
required to wear out each sample. Test 
values are shown only te the nearest 
hundred flexes. 


Dielectric Strength 


The dielectric strength of unimpreg- 
nated fiber-glass insulation as it comes 
from the loom is about the same as that of 
equivalent cotton textiles, both being 
determined largely by atmospheric condi- 
tions, fiber surface contamination, etc. 
If the effect of the surface contamina- 
tion be minimized by thorough washing 
and drying, the dielectric strength of the 
glass increases approximately 3 per cent, 
but that of the cotton decreases about 6 
per cent and asbestos about 12 per cent, 
due to the absorption of moisture and 
the attendant swelling. 

The results of tests on three types of 
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Figure 2. Wolume resistivity of alkali-free 
glass 
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unimpregnated tape, asbestos, cotton, and 
glass, both ‘‘from-the-loom”’ arid washed, 
are shown in table IV. 

;Table V shows a direct comparison 
between the dielectric strengths of com- 
mercially varnished cotton cambric and 
varnished fiber-glass cloth after various 
short-time heat treatments, the varnishes 
used being the same for both cotton and 
glass cloth. 

It will be noted that in the case of the 
black varnish, there is little difference 
between the cotton and the fiber-glass 
averages after subjection to temperatures 
up to 250 degrees Fahrenheit. But after 
350 degrees Fahrenheit and 400 degrees 
Fahrenheit for two hours, the averages for 
the glass are 11 per cent and 27 per cent 
higher than those for cotton, 

The differences in the case of the yellow 
varnish (which, of course, has greater 
heat resistance than black varnish) are 
more pronounced, varying from 11 per 
cent with no heat treatment to 40 per 
cent after heating at 450 degrees Fahren- 
heit for two hours. 

Perhaps the most plausible explanation 
for these results is that the heat treat- 
ment was sufficient to cause an appreci- 
able amount of carbonization of the cotton 
fibers and yet not severe enough adversely 
to affect the dielectric strength of the 
varnish or the glass fibers. In fact the 
values in table V again demonstrate 
the already accepted fact that heat treat- 
ment of this nature definitely improves 
the dielectric strength of most insulating 
varnishes. 

Table VI is included here to show some 
of the results obtained in efforts to deter- 
mine what dielectric strengths could be 
expected of fiber-glass cloths impregnated 
with heat resistant varnishes after sub- 
jection to sustained high temperatures. 
Samples numbers 1, 2, 3, and 4 were 
prepared by hand-dipping 0.004-inch- 
thick continuous-fiber glass cloth (pre- 
viously washed) into thin solutions of the 
varnishes, each being given three coats. 
Samples number 5 and 6 were varnished 
commercially (from same rolls as samples 
in table V). 
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In hand application ordinary varnished 
tapes are often stretched sufficiently to 
exceed the elastic limit of the varnish 
thereby impairing their insulating value. | 
As glass fibers do not stretch, the varnish 
on glass tapes is not impaired in this man- 
ner. 

It is not intended that these values be 
considered as directly comparative for the 
reasons that the thickness of the finished 
samples varies considerably and that two 
of the samples were varnished on stand- 
ard varnishing towers and the rest hand- — 
dipped. It is significant, however, that 
for five of the six samples the values of 
minimum dielectric strength are well 
above the accepted specifications for 
varnished cotton cambric and the mini- 
mum of one sample is over 1,400 volts per 
mil. 

All samples were heated in a thermo- 
statically controlled electric resistance 
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Figure 3. Samples of 0.010 inch by 1 inch 
by 1 inch black varnished cloth after heating 
at 350 degrees Fahrenheit for two hours 
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Figure 4. Glass tape 0.010 inch by 1 inch 
by 1 inch coated with water-soluble bakelite 
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oven at 350 degrees Fahrenheit for 140 
hours and tested for dielectric strength at 
room condition of approximately 80 
degrees Fahrenheit and 65 per cent rela- 
tive humidity within two hours after 
being removed from the oven. 

It is well known that varnished textiles 
tend to become brittle at high tempera- 
tures and are therefore subject to crack- 
ing and subsequent dielectric failure. 
Glass textiles are no exception to this 
rule, but table V shows that the effect of 
the brittleness of the impregnant is not 
so pronounced on glass fibers as on the 
weaker and less-heat-resistant cotton 
textiles. 

One test often used as a criterion for 
flexibility of a piece of varnished cloth is 
to bend it around a one-eighth-inch- 
diameter rod. If no cracks are observed 
in the varnish, the cloth is considered to 
be sufficiently flexible. Table V shows the 
results of a more severe test for the weak- 
ening or cracking of the varnish on cotton 
and fiber-glass cloths after various heat 
treatments. After the heat treatment, 
the samples were creased by bending 
double both ways and creasing between 
thumb and index finger as creasing paper 
for tearing. The two-inch-diameter elec- 
trode was placed directly over the crease 
in making dielectric strength tests. 

It will be noted by comparing values in 
the third column in table V that creasing 
causes the “‘as received” yellow cotton to 
lose 62 per cent of its original minimum 
value, yellow fiber glass loses 41 per cent, 
black cotton 88 per cent, black glass 41 
per cent. After 350 degrees Fahrenheit 
for two hours the percentage loss for 
yellow cotton is 80 per cent as against 39 
per cent for the yellow glass cloth. 


Insulation Resistance 


A. VOLUME RESISTANCE 


The volume resistivity of the alkali- 
free glass used for electrical insulation is 
much greater than that of the glasses 
listed in the International Critical Tables. 
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Figure 5 (above). 
Standard roll of 
continuous-fibertape 
0.003 inch by 34 
inch 


Figure 6 (left). 
0.003 inch by 34 
inch standard con- 
tinuous glass tape; 
right—0.007 inch 
by 34 inch stand- 
ard cotton tape 


This is attributed to the absence of soda 
and potash which have been found by 
Littleton and Morey! to decrease the 
volume resistivity of solid glass consider- 
ably. Figure 2 shows the volume re- 
sistivity of electrical-insulation glass at 
different temperatures. Six determina- 
tions between 1,360 degrees Fahrenheit 
and 2,460 degrees Fahrenheit were made 
in essentially the same manner as was 
used by Kohlenrausch? in determining 
the conductivity of salt solutions. The 
electrodes used were made of platinum 
and were calibrated with a number of 
standard solutions having approximately 
the same range of resistivity as molten 
glass. A 1,000-cycle source of power was 
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used and resistance measurements made 
by means of a General Radio type 650A 
impedance bridge. 


B. SURFACE RESISTANCE 


Because of the high ratio of exposed 
surface area to the total weight of fiber 
glass (about 1,500 square feet per pound) 
measured values of insulation resistance 
at normal temperatures may be con- 
sidered as purely surface resistance with- 
out appreciable error. This surface re- 
sistance is affected not only by the glass 
constituents, but to a very marked degree 
by the relative humidity of the atmos- 
This is illustrated in table VII 
resistance 


phere. 


which shows the insulation 


Table VII. Insulation Resistance in Megohms of Standard Unimpregnated Tapes One Inch 
Square After 72 Hours at 100 Degrees Fahrenheit and 90 Per Cent and 75 Per Cent Relative 


Humidity 
Mieahod = ts “From the Loom” SSS Washed 
90 Per Cent 75 Per Cent 90 Per Cent 75 Per Cent 
Relative Relative Relative Relative 
Humidity Humidity Humidity Humidity 
0.015 by 1 inch asbestos...... : eo es 1.08 wl 5 5.5 
0.011 by 1 inch cotton...........-- OS easier « 35 : pea0p Ho 380 
OvOlS pyallanch glass. o-- a= - oe ens 12.4 200 .1,400 . 30,100 
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across one-inch-square samples of stan- 
dard unimpregnated tapes both from the 
loom and washed (boiled 15 minutes in 
0.5 per cent solution of soap in distilled 
water), after being held at 100 degrees 


Fahrenheit and the 
humidities for 72 hours. 

Figure 3 shows the variation in insula- 
tion resistance of one-inch-square samples 
of black varnished cotton and glass cloth 
over a period of 30 days at 100 degrees 
Fahrenheit and 90 per cent relative 
humidity. 

When fiber-glass tape is coated (not 
impregnated) with a solution of a water- 
soluble bakelite and then dried, the insula- 
tion resistance becomes higher than that 
of the untreated tape. Figure 4 shows the 
variation in insulation resistance at 90 
per cent relative humidity of a sample 
prepared in this manner. The solution 
of bakelite was 12!/, per cent solids by 
weight and the sample was dried for 90 
minutes at 250 degrees Fahrenheit. 

All insulation resistance determinations 
were made with a Leeds and Northrup 
insulation-resistance test set of the guard- 
circuit type consisting of high-sensitivity 
galvanometer, Aryton shunt, and lamp 
and scale device. The electrodes were 
brass clamps supported in a_bakelite 
board on two-inch centers one being 
guarded by a brass ring. The bakelite 


indicated relative 
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Figure 7. Wiew in 
twisting mill showing 
the fabrication of 
continuous-fiber 

glass yarns 


board served as the cover for a 4!/2-inch- 
diameter glass jar, in the bottom of which 
was a saturated solution of the proper 
salt for the desired humidity. (KNO, was 
used for 90 per cent relative humidity 
and NaCl for 75 per cent relative hu- 
midity at 100 degrees Fahrenheit.) The 
guard circuit was complete from electrode 
to galvanometer. Source of current was 
five 45-volt radio B batteries in series. 
Readings were taken one minute after the 
specimen circuit was closed. 

The results obtained by R. E. Ferris 
and G. L. Moses of the Westinghouse 
Electric and Manufacturing Company 
on the insulation resistance of a cotton- 
insulated coil and an asbestos insulated 
coil at 99 per cent relative humidity 
show essentially the same trend over a 
period of 14 days as is seen in figure 3 
although the asbestos failed to ground on 
the 13th day. 


Hygroscopicity 


One of the most difficult problems to 
solve in connection with electrical insula- 
tion is that of failure due to the absorption 
of moisture. In some cases this is the 
primary concern of design and mainte- 
nance engineers. Glass insulation, being 
nonhygroscopic, is proving valuable under 
extreme conditions of high relative hu- 
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midity coupled with intermittent high 
overload temperatures. Notable ex- 
amples have come from the bituminous 
coal fields of western Pennsylvania. One 
company, which operates a large number 
of mining locomotives, reports that the 
average life of motor windings operating 
under the worst conditions has been 
lengthened considerably by the use of 
fiber-glass-insulated coils. 

Reference to table IV will show that 
after washing and thorough drying, the 
average thickness of cotton and asbestos _ 
tapes had increased. This does not 
occur in glass tapes. 

Glass insulation is available in the 
same forms and sizes as are other fabrics, 
the following being stocked: 


Tape. Continuous fiber 0.005 inch by 
1/, inch to 0.015 inch by 11/2 inches; staple 
fiber 0.010 inch by 1/4 inch to 0.025 inch by 
11/. inches. 


Braided Sleeving. Made from continuous- 
fiber yarns in standard inside diameters 
of 1/15 inch, !/s inch, 21/, inches with wall 
thickness of 0.015 inch. 


Varnished Clothand Tape. Black and yellow 
varnished cloth and tape are available in the 
same widths and thicknesses as varnished 
cotton cambric. 


Glass Insulated Wire. All sizes of round and 
square wire are being covered successfully 
with glass yarn, different thicknesses being 
used to obtain the same over-all diameters 
as standard wire insulated with asbestos, 
cotton, paper, and silk. 


Combination Mica and Glass. A number of 
mica and glass combinations are being used 
for transformer coil, and armature coil, and 
slot insulation. This combination is a class- 
C insulation except for a small amount of 
organic binder. 


Summary 


In summing up the characteristics of 
fiber glass those which make it valuable 
for electrical insulation are: 


1. Noninflammable and highly heat resist- 
ant. The operable temperature is limited 
only by the impregnant used, and there is a 
very definite temperature range between the 
operable temperature of organic fabrics and 
that of heat-resistant impregnants where 
glass is unique. 


2. Exceptionally high tensile strength. 
3. Nonhygroscopic. 


4. Resists attack by moisture, acids, oils, 
and corrosive vapors. 


5. Good thermal conductivity. 


6. Excellent dielectric strength when im- 
pregnated. 


7. High insulation resistance. 
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Discussion 


L. E. Fogg and R. B. Power (Kennecott 
Wire and Cable Company, Phillipsdale, 
TR 1h) : Mr. Atkinson has outlined the 
Properties of fiber glass which promise to 
make it an important factor in the field of 
electrical insulation. These properties are 
such that frequently fiber glass may be 
used advantageously in place of other 
insulations and it may provide a satisfactory 
solution for a number of difficult insulation 
problems. There are, however, a few com- 
ments that should be made with regard to 
the use of this material. 

There is one point in connection with the 
mechanical strength of the material which 
would bear some clarification. The results 
of the flexing endurance tests as reported in 
table III show that a certain amount of 
heat treatment apparently toughens the 
insulation, and might make such treatment a 
desirable part of the preparation of the 
material. The cause for this improvement 
is not readily apparent, and should have 
some explanation by the author. 

In table IV giving dielectric strength 
comparisons, Mr. Atkinson has indicated 
slight improvements of the glass, and slight 
loss for the other insulations through wash- 
ing. For thin insulations there is always an 
increase in the dielectric strength as the 
thickness of the material is decreased. It 
seems probable that this factor is more re- 
sponsible for the slight increases and de- 
creases noted above, than any other change 
in the insulations. The cotton and asbestos 
fabrics, showing increases in thickness with 
washing, show a corresponding decrease in 
dielectric strength, while the glass, with a 
decrease in thickness shows an improved 
dielectric strength. 

The lubricating oil applied to the fiber 
during manufacture may have some slight 
effect on the dielectric strength of the glass 
tape. However, this oil may be very detri- 
mental if thermal and electrical conditions 
of insulation use are such as to make dielec- 
tric loss an important factor. 

It is worth pointing out that the dielectric 
strength of asbestos may vary greatly from 
the values shown in the same table, depend- 
ing on the method of preparing the asbestos 
tape. Some comparative dielectric-strength 
measurements were made recently at our 
laboratory on fiber glass and asbestos tape 
in which the asbestos had been fabricated 
on a cotton backing. Although the fiber 
glass gave results almost identical with those 
of Mr. Atkinson, this asbestos tape showed 
about 60 per cent higher dielectric strength 
than did the samples he reported. 

It is unfortunate that in most applications 
of fiber glass as insulation it is necessary to 
use some bonding, saturating, or coating 
material in conjunction with the glass. 
Some tests which we have made recently 
show that if fiber glass alone could be used it 
would retain some insulating properties at 
temperatures approaching its softening 
point. Such temperatures cannot be at- 
tained in practical applications, however, 
and in most cases the maximum operating 
temperatures for fiber-glass-insulated equip- 
ment will be limited to a moderate value by 
associated insulating materials. These facts 
should be kept in mind when considering 
fiber-glass insulation for high-temperature 
operation. 
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; Unquestionably, glass as a fibrous insulat- 
ing material will eventually find its proper 
place among other similar materials. The 
information presented by Mr. Atkinson 
should indicate some places where its use 
would be definitely practicable. 


R. W. Wieseman (General Electric Com- 
pany, Schenectady, N. Y.): For rotating- 
machine windings a large variety of class A 
organic insulating materials are available. 
These materials are inexpensive, easy to 
apply, and they have been used successfully 
for many years. As the machine voltage, 
speed, and size increased inorganic mate- 
rials were introduced to increase the life of 
the windings by resisting the action of 
mechanical stresses, corona, and elevated 
temperatures. 

Unfortunately only two inorganic mate- 
rials were suitable for rotating-machine 
windings up to the present time, namely, 
asbestos and mica in built-up form. Mica is 
an excellent high-voltage high-temperature 
moisture-resisting insulator if properly 
filled and bonded. It is limited mechani- 
cally, however, by the characteristics of its 
bonding medium. Some asbestos textiles 
contain as much as 20 per cent cotton. It 
is well known that asbestos absorbs moisture 
readily and it contains natural ferrous 
particles and conducting salts which must be 
removed if it is to be used in the region of 
high-voltage stresses. Asbestos, therefore, 
is usually confined to low voltages where 
mechanical strength is required at elevated 
temperatures and as an armor for high- 
voltage mica insulation. It is apparent 
that present inorganic materials, although 
satisfactory, are not ideal for rotating- 
machine insulation. 

The introduction of glass-fiber insulation 
is welcomed by those interested in rotating 
machines. When properly filled with a 
suitable varnish or compound, glass fiber is a 
good class B insulating material. Up to the 
present time glass fiber alone is not a com- 
petitor to mica for high-voltage windings. 
Glass fiber, however, should be beneficial 
in many respects. First, it can replace 
cotton which is used for structural purposes 
in class B insulation, and thereby produce 
better mechanical and thermal properties. 
Second, it can replace asbestos with an 
improvement in uniformity, mechanical 
strength, and voltage strength. Third, it 
can partially replace mica on low- and 
medium-voltage coils with an improvement 
in mechanical strength. It also can be used 
as an armor or outside covering for high- 
voltage mica-insulated coils. 

D-c and a-c machines have been built 
with glass-insulated wire in both the arma- 
ture and field windings. Coils of many kinds 
have been insulated with glass tape and 
mica in several combinations. The end 
connections of armature windings have been 
insulated with treated glass tape and com- 
binations of glass and mica tape. A 1,500- 
kw 600-volt d-c machine was insulated 
entirely with mica and glass. None of its 
six windings contains cotton or asbestos in 
any form. Insofar as machine temperatures 
are concerned the thermal limitation of the 
windings of this machine is governed only 
by the insulating varnish and filling com- 
pounds used in building the insulation 
structure. 

Glass fiber in various forms can be used 
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to advantage in rotating-machine insulation. 
The extent to which it will replace present 
materials will depend somewhat on technical 
and economic conditions because its feasi- 
bility has been established. 


E. F. Dissmeyer (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Mr. Atkinson’s paper provides a very com- 
plete comparison of the characteristics of 
cotton and glass when used as insulating 
materials. In the future, glass will un- 
doubtedly provide an answer to many of our 
insulation application problems. 

A number of other characteristics of glass 
insulation would, of course, be of interest. 
Certain of these are: 


1. How does the dielectric strength of glass 
under impulse conditions compare with that of 
other insulating materials? 


2. In transformer applications, a majority of the 
dielectric strength between turns is provided by the 
oil-saturated paper covering on the conductors. 
Would a glass reinforcement over the paper provide 
better dielectric strength? 


3. One of the problems which confronts the 
manufacturer is that of getting’ varnish into the 
interior of coils. With cotton insulations, the 
varnish can be “‘wicked”’ in only a short distance. 
How do the “‘wicking’’ properties of glass compare 
with those of cotton? 


E. L. Lotz (New Jersey Wood Finishing 
Company, Woodbridge, N. J.): The in- 
formation on fiber glass presented by Mr. 
Atkinson is extremely valuable and timely 
in view of the newness of the product and 
of the widespread interest in this type of 
insulation and of the possibility of the in- 
creased temperature ratings of electrical 
equipment and allied insulation. 

With the tremendous advances made in 
the manufacture of insulating varnishes and 
impregnating compounds in the last few 
years, it has become more and more ap- 
parent that the limiting factor in the opera- 
tion of insulation at high temperatures is 
not the varnish or impregnating compound, 
but the carrier on which they are used. 
Cotton when impregnated or coated and 
subjected to high temperatures (125 degrees 
centigrade) fails only in a mechanical sense, 
that is, it fails in so far as tensile and tearing 
strength are concerned but does not fail 
electrically as the dielectric strength of the 
varnish or compound will, if anything, be 
higher after the heat treatment. The use of 
fiber glass as the carrier should insure both 
good electrical and mechanical properties 
even after exposure to high temperatures 
for long periods of time. 

The dielectric strength of cotton and glass 
impregnated with the same varnish is sub- 
stantially the same as is also the case for the 
two in the unvarnished state. This means 
that the dielectric strength is determined 
almost entirely by the type of varnish used, 
as is clearly shown in table VI of the paper. 

The curves in figure 3 are very interesting 
and would tend to show that varnished glass 
cloth is considerably better than varnished 
cotton cloth under conditions of high humid- 
ity. I have tested both glass and cotton 
for resistance to moisture and have found 
that varnished cotton compares very favor- 
ably with varnished glass in respect to power 
factor and dielectric strength. The experi- 
ment consisted of vacuum-drying samples of 
black varnished cotton and fiber glass at 
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Figure 1. Water 
absorption of var- 
nished glass and 

cotton 


WATER ABSORBED — PER CENT BY WEIGHT 


POWER FACTOR AND DIELECTRIC CONSTANT 
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105 degrees centigrade for six hours under 
a vacuum of 0.1 millimeter and then expos- 
ing the samples to 98 per cent relative humid- 
ity and determining the amount of water 
absorbed, the power factor, and dielectric 
constant, The result of this experiment is 
shown in figure 1 of this discussion. The 
curves are plotted against hours of exposure 
and show that even though the varnished 
glass absorbed much less water, the result- 
ant power factor was just as high as the 
varnished cotton. The curve designated 
V.C.-P.F. means the power factor of the 
varnished cotton, whereas, G-P.F. is the 
similar curve for varnished glass. In both 
cases, there was an initial rapid increase in 
water absorbed, power factor, and dielectric 
constant in the first ten hours. 

In order to compare the dielectric strength 
after exposure to moisture, samples which 
had been vacuum dried as above were im- 
mersed in water at 24 degrees centigrade 
for 24 and 42 hours and the amount of 
water absorbed and decrease in dielectric 
strength measured. The dielectric strength 
was measured using one-fourth inch elec- 
trodes and the short time ASTM method of 
test. The results are shown in table I of 
this discussion. After 24 hours, the var- 
nished glass had absorbed 0.77 per cent 
water by weight and had a reduction in di- 
electric strength of 46.2. Varnished cotton 
absorbed 3.2 per cent water by weight, but 
the reduction in dielectric strength was only 
30.85. After 42 hours the glass had ab- 
sorbed 1.1 per cent water by weight with a 
reduction in dielectric strength of 59.2 
per cent. The varnished cotton absorbed 
4.35 per cent water by weight and had a 
decrease in dielectric strength of 48.5 per 
cent. 


Table |. Water Absorption-Dielectric 
Strength 
Water Per Cent 
Absorbed Reduction 
(Per Cent in Dielectric 
Exposure by Weight) Strength 
Black Fiber Glass 
24 hours in water at 24 
degrees centigrade....... ORCticn ene oe 46.2 
42 hours in water at 24 
degrees centigrade....... Ae eee er 59110 
Black Cotton Tape 
24 hours in water at 24 
degreesicetitiprade,;.....3.2.........30 85 
42 hours in water at 24 
degrees centigrade....... LODE 9.5 can eet SS 


284 TRANSACTIONS 


120 140 


In the above experiments, the same var- 
nish was used on both the cotton and glass 
and it is reasonable to assume that in each 
case the varnish itself would be affected to 
the same degree so that the difference in the 
performance of the two must be directly 
dependent on the carrier. Since glass is 
nonhygroscopic the mechanism of the water 
absorption is probably of the nature of a 
surface layer on the glass fibers. In the 
case of cotton most of the water is taken up 
by a wick action and since the carrier itself 
does not contribute anything to the dielec- 
tric strength, the presence of the large 
amount of water in the cotton does not show 
up in the dielectric-strength measurements. 


Lloyd E. Miller (Reliance Electric and 
Engineering Company, Cleveland, Ohio): 
Mr. Atkinson’s paper is so complete as to 
detail, that it leaves practically nothing to 
the imagination and very little concerning 
the physical characteristics given in the 
paper, to discuss. 

There is, however, a feature that might 
very well be discussed regarding the com- 
mercial usage of this material. The high 
temperature to which fiber glass can be sub- 
jected has been stressed in this paper and in 
previous papers and talks. It might be 
said to have been overstressed. It has been 
stressed so much that it has been ill ad- 
visedly seized on by many as proof that with 
this material the industry is now ready to 
double the temperature at which electtical 
machinery can be operated. 

The fact that impregnants must be used 
in conjunction with fibrous insulation, and 
the fact that all satisfactory impregnants to 
date are entirely, or in part, of organic mate- 
rial, and are, therefore, the limiting factor 
in such combination, seems to have been 
neglected. It is noted that Mr. Atkinson 
mentions this in his paper, but it seems that 
it should be more strongly emphasized than 
in the past. This fact should serve as a 
spur to the varnish manufacturers. 

It does seem that the electrical industry 
might profitably consider higher tempera- 
tures than are now sanctioned, but extreme 
changes due to new materials should be 
approached with caution. 

It should be borne in mind that the 
ability of fibrous insulation to withstand 
high temperatures is not of itself sufficient to 
justify such changes. Fire hazard must be 
considered, as must also strains and move- 
ments set up by expansion and contraction. 
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There is no doubt that the new fibrous 
glass has given the electrical industry a sub- 
stantially improved insulating material. 
It can be accepted as a fact that its heat- 
resisting properties are considerably above 
those which can be used by the industry at 
the present time. It would, therefore, seem 
that efforts of the manufacturers should be 
along the line of making the product easier 
to use and apply. 


Graham Lee Moses (nonmember; West- 
inghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): Mr. Atkinson 
and his colleagues in the Owens-Corning ~ 
Fiberglas Corporation have undoubtedly 
made a very significant contribution to the 
insulation art. Insulation engineers have 
long felt that existing class B insulating 
materials had definite limitations and it is 
hoped that this new material will overcome 
these defects. 

Our experience with fiber glass parallels 
Mr. Atkinson’s on some phases of tests on 
the fundamental material. However, our 
experience has largely been in connection 
with actual commercial machines. We 
have found that its success depends upon 
the correct application. It has proved 
satisfactory on equipment where weight and 
space requirements necessitate high-tem- 
perature operation and the insulation is 
exposed to high humidity conditions. Our 
experience in the application of glass insula- 
tion to transportation apparatus is detailed 
in an article by Mr. Ferris and myself which 
appeared in the December 1938 issue of 
ELECTRICAL ENGINEERING. 

Our practical and design experience with 
glass insulation on commercial apparatus 
covers a period of nearly two years involving 
over 50 types of motors and generators and 
several hundred units. It has also been 
used on many types of control. 

Fiber-glass insulation has its share of 
desirable characteristics and naturally has 
its limitations. It should not be substituted 
wholesale for any existing insulating medium 
but should be applied with care and con- 
sideration only where it is required and its 
use is economically justified. Applications 
should be avoided which bring out or em- 
phasize its limitations or weaknesses. 

Glass insulation by virtue of its excellent 
tensile strength under high temperature 
conditions lends itself to being used for 
binding class B coils and holding other forms 
of insulation in place. It makes an ex- 
cellent finishing tape producing the desired 
strength with long life at high temperatures 
and a fine glossy finish when properly 
treated. The excellent tensile strength per- 
mits the use of thinner class B tapes thereby 
obtaining improved space factor. 

Because it isa woven material its inherent 
(untreated) dielectric strength is only com- 
parable to that of similar conventional 
materials. When treated it takes on the 
characteristics of the impregnant film as do 
other woven materials. In our Opinion it 
should not be used for the main ground in- 
sulation on. high-temperature class B ap- 
paratus. This material is of course not to be 
considered to replace mica for ground insula- 
tion. 

One of the present limitations of glass 
insulation is its relatively low resistance to 
abrasion when the fibers are not lubricated 
or supported by impregnation. In tape 
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form the fibers are lubricated by an oil 
film applied during manufacture. In the 
apparatus this must be supplemented by 
varnish or other impregnant. When this 
lubricant or impregnant is eliminated or its 
qualities destroyed, vibration is apt to 
cause abrasive destruction. This very defi- 
nite limitation must be faced by engineers 
applying this material. 

Another limitation is the relatively low 
shear strength of the glass fibers. This is 
an exhibition of the brittleness which has 
long been associated with glass. To avoid 
this, apparatus should be designed to pre- 
vent exposing glass insulation to sharp 
corners or edges. 

The smooth, silky appearance produces 
another handicap as it permits the warp to 
slip on the weft, unless a very close weave is 
used. This tendency can be minimized by 
pretreating the tape in varnish and only 
partially curing before applying the tape. 

The next logical step in the development 
of high-temperature insulation is the pro- 
duction of a high-temperature impregnant 
properly to lubricate or support glass insula- 
tion and give it high dielectric strength at 
elevated temperatures. In most of the pre- 
vious points discussed the impregnant is an 
important factor. The importance of this 
cannot be overemphasized and the develop- 
ment of fiber-glass insulation has in effect 
“passed the ball” to the impregnant manu- 
facturers. 

In our search for improved insulation to 
operate at elevated temperatures it must be 
remembered that as insulation improves it 
ceases to become the determining factor. 
Already there are important considerations 
requiring the operation of some classes of 
machinery at temperatures below that now 
permissible for insulation. 

One interesting and spectacular experi- 
ment which we made, was to operate glass- 
insulated magnet coils at temperatures 
around 575 degrees centigrade (1,067 degrees 
fahrenheit). Some of these operated several 
hours without failure even though the im- 
pregnant was completely destroyed. Natu- 
rally, life at this temperature is limited and 
there was no intent to operate apparatus 
at such temperatures but it was merely done 
to demonstrate the reliability under ex- 
treme conditions due to failure elsewhere in 
the control equipment. 

Briefly glass insulation is an important 
addition to our family of insulating mate- 
rials. It is not a panacea nor a cure-all. 
In our opinion it should be applied judi- 
ciously with full appreciation of the limita- 
tions as well as the important advantages. 
Westinghouse engineers, in the early stages 
of this development, recognized the possi- 
bilities of fibrous glass insulation and recom- 
mended the use of the continuous-filament 


type. 


T. R. Walters (General Electric Company, 
Pittsfield, Mass.): The data presented in 
this paper add considerable to our under- 
standing of this new and very interesting 
insulating material. The point is well 
brought out that in the field of varnished 
fabrics the fabric base is the weaker part of 
the structure and consequently, replacing 
the organic with an inorganic fabric has a 
very beneficial effect on the heat resistance 
of this class of material. 

There are several other points which I 
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would like to bring up. One is that while 
the data show definitely that fiber glass will 
successfully withstand a much higher tem- 
perature than either cotton or asbestos 
before losing its tensile strength, these tests 
were all on a short-time basis. It would 
be interesting to know just how high a tem- 
perature these new fibers will stand success- 
fully for very long periods of time. Also, 
as a matter of record, were the tensile 
tests reported taken at the temperatures 
shown on figure 1, or were they taken at 
room temperature after aging at the indi- 
cated temperatures? 

In the section concerning dielectric 
strength, it is stated that ‘“‘The dielectric 
strength of unimpregnated fiber-glass in- 
sulation as it comes from the loom is about 
the same as that of equivalent cotton 
textiles.” This being so, I would be inter- 
ested in the author’s theory as to why fiber- 
glass insulation produces higher dielectric 
strengths than cotton when the same var- 
nishes are used. A possible explanation is 
given for the results obtained after heat 
treatment but not for the higher results 
obtained on the samples before aging. 

In another part of this same section, a 
statement is made that ‘In hand applica- 
tion ordinary varnished tapes are often 
stretched sufficiently to exceed the elastic 
limit of the varnish, thereby impairing 
their insulating value,’ followed by the 
statement that since glass fibers do not 
stretch, the varnish on glass tapes is not 
impaired. Varnished cotton cloth can also 
be made which will not stretch. Quite 
often, however, due to the nature of the 
surface to which the tape is being applied, 
it is necessary to use tape which will stretch. 
The decrease in dielectric strength in this 
instance, is small for the amount of stretch 
usually required for satisfactory taping. 


Wm. A. Del Mar (Habirshaw Cable and 
Wire Corporation, Yonkers, N. Y.): Fiber 
glass, from the point of view of the cable 
designer, is not so much an insulating mate- 
rial as a vehicle or filling for such insulating 
materials as wax, varnish, or lacquer. In 
this respect it may be regarded as a com- 
petitor of cotton, dry paper, and asbestos. 
The characteristics of fiber-glass insulation, 
such as dielectric strength, power factor, 
and ability to resist heat, cold, or moisture, 
are essentially those of the associated wax, 
varnish, or lacquer. Fiber glass gives body 
and strength to these materials, enabling 
them to be applied in thicker layers. Its 
advantages over other fibers are that it 
does not impair the useful characteristics of 
the wax, varnish, or lacquer with which it is 
associated. From this it would appear that 
the title of this paper is misleading as fiber 
glass is merely an inorganic vehicle for air or 
organic insulation. 

Fiber glass has a definite value for certain 
classes of wire such as magnet wire, fixture 
wire, and small motor leads but, so far, it has 
not made much headway for the larger types 
of cables. 

Fiber glass is a valuable braid material 
as it does not decay, burn, or become water- 
logged. Here, again, its characteristics are 
limited by the organic filler which must be 
used. It is more likely that its application 
to power cables for some time to come will 
be along this line rather than for the insula- 
tion itself. The present high cost of the 
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fiber glass, as compared with other braid 
materials, limits its use in large cables to 
services where other available materials 
show abnormally rapid deterioration. 
Varnished glass cloth insulation, as now 
made, does not stand heat (96 hours at 
125 degrees centigrade) as well as heat- 
resisting varnished cambric made with the 
same varnish. It becomes more brittle 
than the cotton base material. It is to be 
hoped that this material will be developed 
to the degree of heat resistance that seems 
to be inherent in the component materials, 


K. N. Mathes (General Electric Company, 
Schenectady, N. Y.): Mr. Atkinson’s paper 
constitutes an excellent survey of the 
properties of glass fiber insulation. From 
the standpoint of the manufacturer of elec- 
tric apparatus the properties and service 
life in built-up form are of primary impor- 
tance. Service trials and laboratory tests 
have established that the electrical and 
particularly the physical properties of glass 
fiber insulation depend largely upon the 
nature and thoroughness of the compound 
or varnish treatment. 

Untreated glass fibers are extremely sensi- 
tive to nicking, and unless protected can 
even cut and destroy each other under con- 
ditions of abrasion and vibration. For this 
reason a film of oil or sizing is applied to the 
fibers to protect them in the textile operation 
and allow their use as yarn or fabric. The 
sizing used at present is somewhat corrosive 
to copper, hygroscopic, and, in addition, is 
not truly compatible with most insulating 
varnishes. Because of the nature of the 
sizing and the high density in the case of 
the continuous-filament yarn, it is difficult 
to secure complete varnish or compound 
penetration. Although glass is not hygro- 
scopic in the sense that the solid fibers can 
absorb water, moisture can be picked up in 
the following ways: 


As an adsorbed film upon the glass surface. 
By adsorption in the sizing. 


By capillarity between fibers or threads. 


mB wo hN 


. By capillarity between fibers and surrounding 
varnish which may not satisfactorily wet the fiber. 


Asa result the moisture resistance of glass 
fiber as measured by the electrical properties 
in many cases is only comparable to cotton. 

When used as major insulation, the glass 
fabric serves merely as a matrix to carry the 
insulating varnish. The extent of the 
deterioration of the varnish over long periods 
of time is extremely important. The most 
characteristic effect is the slow embrittle- 
ment and tendency toward cracking which 
may seriously impair the dielectric strength. 
In contrast, the overlapping flakes of pasted 
mica depend upon varnish only as a binder. 
In addition, since all organic varnishes de- 
teriorate under the action of corona, the 
varnished glass fabric cannot be considered 
as a substitute for mica in’ high-voltage 
applications. 

This discussion emphasizes limitations 
and precautions which are important to 
recognize since glass fiber is assuming so 
rapidly an important place in the field of 
electrical insulation. Glass insulation has 
found use in many types of electric appara- 
tus, and will find increased use with further 
development, and as service data more 
firmly establish the advantageous proper- 
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ties. In comparison with other types of in- 
sulation, in many cases economic considera- 
tion may be the deciding factor for use. 


H. C. Louis (Consolidated Gas, Electric 
Light and Power Company of Baltimore, 
Md.): The data in the paper giving the 
results of the elaborate tests on fiber-glass 
insulation show this material to have some 
very desirable and superior characteristics 
and to open up some very attractive possi- 
bilities. The development of this insulating 
material marks a definite step forward in the 
progress of insulation development. 
Numerous mechanical tests were made as 
described in the paper, but we wish to stress 
the importance of giving full consideration 
to the effect of fatigue effects from vibration. 
The possibility of deterioration or even 
pulverization of such material due to this 
effect in extended service should not be 
minimized. Operating experience shows 
numerous troubles in materials to be trace- 
able to vibration fatigue, and possibilities 
of anticipating and preventing this call for 
the very best efforts and attention in investi- 
gations of the material under consideration. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): The utilities are, 
of course, gratified to learn again that the 
manufacturers are investigating the new 
kinds of insulation as they are brought 
forth. Obviously, when these insulations 
are suitably developed by themselves or as 
incorporated in apparatus, many utilities 
will be glad to use them when they become 
attractive commercially as well as techni- 
cally. 

Referring to the newer insulation, that is, 
glass, it would be of interest to learn what 
developments have been made with other 
types of binders than the varnish and bake- 
lite mentioned by the author. This ques- 
tion, of course, is raised in connection with 
frequent or continuous operation of glass 
insulation in apparatus at such temperatures 
as 150 or 175 degrees centigrade. 


F. W. Atkinson: L. E. Fogg, R. B. Power, 
and Lloyd E. Miller refer to the fact that the 
operable temperatures for glass insulation 
in most applications must be limited by the 
impregnant used. Mr. Miller advises cau- 
tion in design and rating changes in the 
direction of higher temperature operation, 
and Herman Halperin raises the question as 
to impregnants which may be capable of 
withstanding temperatures such as 150 
degrees centigrade or 175 degrees centigrade. 

The author fully realizes the necessity for 
caution in raising the temperature ratings 
of electrical apparatus in general and that 
many other considerations make it impos- 
sible to operate at temperatures even ap- 
proaching those which glass will stand. 
However, as E. L. Lotz and Graham Lee 
Moses have pointed out in their discussion, 
as far as the insulation is concerned, the 
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limiting factor with impregnated glass is the 
impregnant, whereas with class A insula- 
tions, it is the fabric. Our tests of numerous 
varnishes on glass and cotton fabrics defi- 
nitely show that the better heat-resistant 
varnishes will stand temperatures consider- 
ably higher than those which cause cotton to 
lose practically all of its mechanical strength. 
Our experience with the relative heat resist- 
ance of varnished glass cloth and varnished 
cotton cambric does not parallel that of 
Wm. A. Del Mar. Of three different samples 
of yellow varnished cotton cambric held at 
125 degrees centigrade for 168 hours, only 
one could be bent 180 degrees around a 
one-eighth-inch-diameter mandrel without 
cracking. All of the six samples of yellow 
varnished glass cloth (each varnished by a 
different company) withstood this test. 
A few of the better commercial varnishes 
(applied to glass cloth) have been found to 
pass this test after a week at 175 degrees 
centigrade. One experimental impregnant, 
partly organic, retained remarkable flexi- 
bility after 120 hours at 200 degrees centi- 
grade and its minimum dielectric strength 
was over 1,500 volts per mil (short-time 
method, one-fourth-inch electrodes, mate- 
rial 0.010 inch thick). It seems reasonable, 
then, to assume that: 


1, The temperature limits of class A insulations 
are determined by the fabric and not by the im- 
pregnant. 


2. With a fabric that will stand it, varnishes are 
available which can be used where hot spot tem- 
peratures are 150 degrees centigrade or higher. 


3. The final word has not been written about 
heat resistance in impregnants as varnish manu- 
facturers and individuals are making great strides 
in the improvement of this quality. It is believed 
that the introduction of glass fabrics into the 
insulation field has provided further inducement to 
effort on this particular research problem. 


K. N. Mathes and Graham Lee Moses 
have mentioned the low resistance of un- 
treated glass fabrics to abrasion and shear 
on sharp edges. This probably is the 
weakest property of the untreated glass at 
the present time, although that is not true of 
treated fabric and it does not seem to be of 
primary importance. Laboratory tests 
along this line are not very conclusive so it 
seems pertinent to refer to the experience 
encountered by manufacturers in the actual 
application of “Fiberglas”’ insulating mate- 
tials during the three years since their intro- 
duction. Few have reported any lasting 
difficulty due to abrasion and shear and some 
have indicated as much as 15 per cent saving 
in labor in the winding of coils. This would 
hardly be possible if much difficulty were 
encountered due to nicking and shearing 
during fabrication. It should be pointed 


‘out further that continuous research is defi- 


nitely minimizing this weakness. 

Mt. Mathes mentions the important point 
of thoroughness of impregnation of treated 
Fiberglas insulation. This problem, of 
course, is as applicable to glass as to the 
other textile insulating materials but no 
particular difficulty has been found in our 
laboratory in obtaining thorough impregna- 
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tion of glass cloth, and the impregnation of 
wound coils is being carried on by numerous 
manufacturers with facility and efficiency at 
least as great as with cotton and asbestos. 
We have found, however, that some types 
of varnish wet glass fibers much better than 
others and this seems to be the high hurdle 
in accomplishing thorough impregnation of 
Fiberglas. Heat treatment definitely im- 
proves impregnation by strengthening the 
bond between the varnish and the fibers. 
We believe this to be, in part, the answer 
also to the question of Messrs. Fogg and 
Power regarding the increase in flexing 
strength of varnished cloth after heat treat- 
ment. Another explanation is that the 
polymerization of thermosetting varnishes 
adds considerably to their toughness. 

T. R. Walters raises the question of varia- 
tion in tensile strength of Fiberglas with 
time of exposure to high temperatures. 
Our experience indicates that there is very 
little change in the tensile strength of elec- 
trical glass (alkali-free) after the first 24 
hours. 

Cloths made of this type of glass and used 
for steam-turbine blanket covers retained 
from 30 per cent to 40 per cent of their 
original tensile strength after 12 days next 
to a hot plate maintained at 900 degrees 
fahrenheit (482 degrees centigrade). This 
is about the same loss in strength as shown 
in figure 1. The significant thing, however, 
is that even after this treatment, the glass 
cloth is stronger than cotton and asbestos are 
with no heat treatment. 

Messrs. Louis and Moses bring up the 
point of deterioration due to vibration. 
We know definitely that if this is an inherent 
weakness in Fiberglas insulation, it can be 
proved only after a longer period of time 
than Fiberglas-insulated apparatus has been 
in operation; for as far as is known, no 
failures have been attributable to vibration. 

Unfortunately we have at the present 
time no data to compare directly with the 
interesting curves presented by E..L. Lotz 
However, we have measured the 60-cycle 
power factor of a number of different 
samples of varnished cotton and varnished 
glass cloth at room conditions, and have 
found no cotton sample whose power factor 
was lower than 13 per cent nor any glass 
sample whose power factor was higher than 
7 per cent. 

So far as we know, no impulse tests, as 
Mr. Dissmeyer has suggested, have been 
made, As far as the reinforcement of the 
dielectric strength of the paper insulation 
in transformers is concerned, untreated glass 
could offer little; but varnished glass should 
provide much greater dielectric strength 
and resistance to the effects of corona. With 
reference to the “wicking’’ of varnish in 
glass-covered coils, there seems to be no 
difficulty. In fact, although coil manu- 
facturers are naturally loath to disseminate 
such information, there is reason to believe 
that some of them consider that a fewer 
number of dips are necessary for some types 
of glass-insulated coils than for other types 
of insulation. 
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HE TYPE of class B insulation re- 

ferred to in this paper is primarily 
intended for small and medium sizes 
of general purpose motors, generators, 
and associated equipment. 

Of the many different varieties of micas 
found in the world’s mineral deposits, 
only two are used for electrical insulation, 
namely, muscovite and phlogopite. Com- 
mercial sources of supply are found 
mainly in India, Madagascar, Africa, 
Brazil, and Canada. The mica-bearing 
veins are very erratic in their occurrence; 
in some localities they are found on and 
near the surface, while in others, they are 
several hundred feet below the ground. 
The yield of commercial mica obtained 
per ton of rock may be as low as one per 
cent. In general, the area of rough mica 
slabs varies from approximately 2 square 
inches to 50 square inches. However, 
in exceptional cases, pieces are found as 
large as three feet by four feet. After 
the extraneous rock and other incrusta- 
tions are removed from the slab of mica, 
it is then split into thicknesses of approxi- 
mately one-eighth inch—commercially 
termed “blocks.” The blocks are fur- 
ther classified for quality and graded for 
size by experienced native labor. Details 
regarding the various recognized qualities 
and gradings may be found in ASTM 
method D-351-37T. 

Muscovite mica is often referred to as 
India mica, white mica, ruby, potassium 
mica, etc. Clear muscovite films have a 
dielectric strength of approximately 3,000 
volts per mil to 900 volts per mil for 
thicknesses of 0.002 inch to 1/16 
inch respectively at 25 degrees centi- 
grade. For temperatures of 300 degrees 
centigrade the dielectric strength is 
roughly equal to 75 per cent of the stated 
values. The power factor varies from 
0.0001 to 0.0008 at 25 degrees centigrade 
for a frequency range of 60 cycles per 
second to 1,000 kilocycles per second. 
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The dielectric constant under the same 
conditions is 6.5 to 8.5. 

Phlogopite mica, which is more uni- 
versally known as amber or silver mica is 
softer physically than the muscovite 
micas. Selected grades of phlogopite 
mica may be operated at temperatures of 
800 degrees centigrade to 900 degrees 
centigrade as compared to 400 degrees 
centigrade to 500 degrees centigrade for 
muscovite mica. Its dielectric proper- 
ties are, however, poorer than the musco- 
vite micas, the dielectric strength being 
approximately 70 per cent of the values 
quoted above and the power factor has a 
rather wide spread of 0.003 to 0.09. 

The most important characteristic of 
mica which permits its wide use as a di- 
electric is its basal cleavage. Films or 
splittings as thin as 0.0003 inch may be 
produced by skilled natives. Specifica- 
tions of commercial splittings range from 
0.0006 to 0.0013 inch in thickness. By 
using these thin films or splittings, a high 
degree of flexibility is obtained for such 
applications as coil wrappers and molding 
micanite plates. 

The physical limitations of the size or 
area of the natural micas are overcome, 
to a large extent, by assembling the 
films into large sheets with the aid of 
suitable binders. A wide variety of 
types of “built-up” or Micanite plates 
and wrappers are obtained by combina- 
tions of binders, adhesives, carriers, and 
heat and pressing operations. The fol- 
lowing general classifications of micanite 
plate and other combinations of mica 
fall within the AIEE definition of class B 
insulation: 


Group I. Hard, rigid sheets for commuta- 
tor segments, etc., contain a minimum 
percentage of binder (shellac or Glyptal) 
which has been polymerized to prevent 
exuding of the binder and slippage of the 
mica films when subjected to heat and pres- 
sure. Organic-bonded heater plates for 
resistance elements that are mechanically 
supported also come within this group. 


Group II. Hot molding plates for cylin- 
ders, vee rings, slot cells, etc., containing 
from 10 per cent to 20 per cent of shellac or 
Glyptal binders which are undercured to 
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facilitate molding and forming operations. 
Additional heat treatment or curing cycles 
are required on this type of plate to make it 
suitable for supporting mechanical loads at 
elevated temperatures. 


Group III. Cold flexible plate for slot, 
phase, and ground insulation can be formed 
readily at room temperatures. The binder 
is essentially composed of nondrying oils, 
plasticizers, and natural and synthetic 
resins, It, therefore, should not be used 
under high mechanical loads where sta- 
bility is of paramount importance. 


Group IV. Composite Insulation. The 
mica splittings are usually backed with, or 
sandwiched between, carriers such as 
capacitor tissue, silk, cotton, cellulose ace- 
tate, Fiberglas, asbestos, slot papers, or 
varnish-coated cloths. The carriers provide 
sufficient mechanical strength to enable the 
mica films to be applied directly to the 
conductors and coils. The binders used 
in these combinations are comparable to 
those listed in group III with the addition 
of asphalts and pitches. 


The percentage of mica by weight in 
the composite insulations varies over 
wide limits, depending upon the materi- 
als used. For the thinner carriers such 
as capacitor tissues and silk, the average 
quantity of mica is in the order of 65 per 
cent, the rémainder being binder and 
carrier. 

In the past decade, numerous inor- 
ganic materials have been tried for 
binders in order to increase the operating 
limits of electrical apparatus. The ap- 
parent limitations of all the inorganic 
binders are the high heat treatments or 
temperatures required to make the 
binders chemically and electrically stable. 
Following such heat treatments, inor- 
ganic binders lose their flexibility and 
become, in most cases, a brittle, crystal- 
line structure. Therefore inorganic- 
bonded mica is limited to simple rigid 
forms such as plates and cylinders. The 
large number of plasticizers and syn- 
thetic resins now available has improved 
the retention of flexibility in organic 
binders and varnishes. A specific ex- 
ample of the improvement in the heat 
resistance of varnish films within the last 
six years is represented by the following 
data which we have collected on var- 
nished cambric cloth. 

The test procedure in determining the 
respective heat resisting properties of 
the varnish film is accomplished by 
hanging narrow tapes (approximately 
one inch in width by six inches to ten 
inches in length) in ovens maintained 
at temperatures of 100 degrees centi- 
grade and 125 degrees centigrade plus 
or minus 2, degrees, respectively. Sam- 
ples are withdrawn at regular intervals 
and bent around a one-eighth-inch diame- 
ter mandrel. A checking or cracking of 
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the varnish film is considered as the end 
point or failure and the total number of 
hours is recorded for the particular 
sample. In 1932 the average life of 
varnished cloth was in the order of 500 
to 600 hours at 100 degrees centigrade, 
and 100 to 150 hours at 125 degrees 
centigrade. Today the special varnished 
cloths of comparable thicknesses are 
capable of withstanding in the order of 
2,500 to 3,000 hours at 100 degrees centi- 
grade, and 350 to 450 hours at 125 de- 
grees centigrade. By sacrificing some 
of the electrical properties, the heat re- 


sistance can still be greatly improved on 


certain grades of varnished cambric 
cloth. It is recognized that in view of 
the fact that the entire surface of the 
varnish film is exposed to the oxidizing 
and/or polymerizing action of the atmos- 
phere, the rate is considerably greater 
than would be encountered in practical 
applications of multiple layers. There- 
fore a correlation between test data and 
practical experience must be made for 
each condition encountered. 


Because of basic differences between 
varnish-coated products of class A insula- 
tion and the combinations of mica and 
coils for class B insulation, it is difficult 
to establish reliable test methods for de- 
termining heat-resisting properties. The 
binders for the mica products must first 
have a certain minimum degree of adhe- 
sion to hold the splittings in place in addi- 
tion to the other electrical and physical 
requirements; second, due to the over- 
lapping laminated structure of the mica 
films, tests such as tensile strength, 
tearing, bending, etc., are unreliable 
because they depend essentially upon 
the carrier and not the over-all combina- 
tion of the insulation, 


It appears that the only dependable 
and satisfactory way in which to de- 
termine the aging characteristics and 
temperature limits of class B insulation 
is to apply them to the individual unit of 
electrical apparatus where such variations 
as heating and cooling cycles, expansion 
and contraction, vibration, high and low 
humidities, corrosive vapors and gases, 
etc., are present. 

Doctor T. S. Taylor’s paper on ‘‘Re- 
peated Thermal Expansions and Con- 
tractions and Their Effect Upon Long 
Armature Coil Insulations” (AIEE, 1924) 
is the only specific data that can be found 
on this subject. A model of four slots 
having an over-all length of 110 inches 
was built up from punchings. Ventilat- 
ing ducts '/2inch and 11/, inches wide were 
included inan attempt to duplicate present 
engineering practice. Eight coils, two per 
slot, were insulated with various types of 
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class B mica-tape insulation. The model 
wassubjected to heating and cooling cycles 
with increasing temperatures of 75, 100, 
130, and 160 degrees centigrade for a 
total of some 11,500 periods. Following 
each series of tests a potential of 37,000 
volts was applied from conductor to 
ground with no breakdowns. At the 
duration of the experiment, an examina- 
tion of the coils disclosed that the car- 
riers and binders were completely de- 
stroyed in and near the several air ducts 
and that considerable deterioration had 
occurred in the slot section. I refer to 
this paper somewhat in detail for predi- 
cating the following comments. 

First, for the relatively short period 
of time consumed in making these ob- 
servations as compared to several years 
of operating life of the normal motor, 
temperatures in the order of 160 degrees 
centigrade were sufficient to destroy the 
organic carriers of the mica films and 
the bonding properties of the varnishes. 

Second, in and near the air ducts, where 
the insulation was not mechanically 
supported, and also subjected to a higher 
rate of oxidation, there was excessive 
deterioration and swelling of the compos- 
ite structure. 

Third, the dielectric properties of the 
mica were not affected as evidenced by 
the high potential tests. 

Fourth, in the absence of vibration 
and continuous voltage stresses, the 
individual factors of expansion and con- 
traction of these long coils did not have 
a deleterious effect upon the insulation. 

If the model had been subjected to vi- 
bration and electrical stresses comparable 
to conditions found in practice, it is quite 
possible that some of the mica films would 
have shifted, particularly those in and 
near the air duct; also there would no 
doubt have been added deterioration due 
to ionization in the spaces created by the 
volatilization and disintegration of the 
binder and carrier. 

Thermal conductivity of a given insula- 
tion and indirectly its life, is a function 
of its density or«compactness, There- 
fore, if the best composite insulation now 
being made should be loosely applied 
and poorly impregnated, its ability to 
withstand elevated operating tempera- 
tures would be seriously reduced. This 
factor alone probably accounts for the 
large deviations in the operating life of 
electrical apparatus. Any time-tem- 
perature relationships should also take 
into consideration the compactness of the 
coil as well as its intimate physical 
contact with the slot walls or other sup- 
porting and heat-conducting mediums. 

If it were possible to analyze failures 
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on the basis of those due to vibration 
versus pure dielectric breakdown, we 
would no doubt become more critical 
and active in establishing standards for 
the former. The swelling or protruding 
of the coil insulation due to the normal 
coefficient of expansion of the composite ~ 
structure and possible volatilization of the 
bond at elevated temperatures in the air 
ducts and at the end of the slots creates a 
localized mechanical problem. Contin- 
ued vibration may be sufficient to pulver- 
ize both the carrier and mica at these 
areas. At the higher operating voltage 
stresses the swelling of the coils may also 
introduce ionization in the coil structure. 


Where space factor or the minimum 
frame size for a given horsepower output 
is limited such as, railway motors, the 
AIEE have established separate and 
special operating temperature limits for 
the class B insulation. The permissible 
hot spot temperature has been increased 
from 125 degrees centigrade to 175 de- 
grees centigrade. Quite frequently the 
heat generated by the J?R losses in 
starting and the core losses due to higher 
operating flux densities exceed 175 de- 
grees centigrade on motors having insuf- 
ficient thermal capacity. Unless some 
emergency exists, the duration of these 
excessive temperatures is for relatively 
short periods of time and therefore gives a 
reasonable operating life for the motor. 
The deteriorating effects of the higher 
operating temperatures and the ex- 
treme conditions of vibration and weather 
on the insulation of railway motors is in 
most cases of secondary importance to 
the maintenance of time schedules. To 
obtain a reasonable operating life at 
these temperatures the insulation must be 
essentially inorganic such as mica and 
asbestos or glass fibers. Special attention 
must be given or changes in design made 
to see that the mica splittings in the entire 
coil structure are mechanically held in 
place and prevented from slipping. The 
common flat iron or heating element 
employing organic-bonded _micanite 
heater plate is a typical and comparable 
example showing that if the mica is 
mechanically held in place the operating 
temperatures can be materially increased 
above the present AIEE temperature 
limits. 

The mica splittings used in class B 
insulation have two outstanding physical 
advantages over other flexible inorganic 
materials such as asbestos and glass. 
fibers. First, due to the solid and non- 
porous structure, the surface leakage 
path is tremendously increased. Second, 
moisture or water is adsorbed by the 
laminations of the mica splittings and does 
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A Dremicn of Proposed ASA 


Transformer Standards 
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HE proposed American Standards 

Association standards for  trans- 
formers, regulators, and reactors which 
are about to be circulated for a trial 
period involve several departures from 
previous standards. 


The temperature rise has been sepa- 
rated from the ambient and total tempera- 
tures. It is the temperature rise which 
determines the amount of material re- 
quired and therefore the rating; whereas 
the ambient and total temperatures are 
involved only in the operation and life 
of the insulation and have little or nothing 
to do with the rating. 
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Insulation levels have been established 
in zones for dielectric tests instead of 
basing the tests on rated voltage. These 
insulation levels are based on the level of 
protection available in the various volt- 
age classes, 

The proposed standards include im- 
pulse tests in addition to the low-fre- 
quency dielectric tests. These impulse 
tests are specified in kilovolts instead of 
gap spacings. 

The insulation strength of transformers, 
regulators (except induction type), con- 
stant-current transformers, and instru- 
ment transformers have been co-ordi- 
nated, thus providing the same insulation 
strength for various types of apparatus of 
corresponding voltage ratings. The in- 
sulation levels for both power and distri- 
bution transformers have been made the 
same for 23 ky and above. 

The test code has been enlarged and 


brought up to date and now includes 
complete instructions for making the 
various tests on transformers, etc. 

The proposed guides for operation of 
transformers recognize the fact that the 
life of insulation depends not only on the 
temperature but on the duration of such 
temperature as well and that while trans- 
formers can be operated with a copper 
temperature of 95 degrees centigrade 
(55 degrees centigrade rise at 40 degrees 
centigrade ambient) for limited periods 
without serious damage, continuous op- 
eration at such temperatures would re- 
duce the life of the insulation to a few 
years at best. The recommendations 
for loading are therefore based on a 
maximum ambient temperature of 40 
degrees centigrade but a daily average 
ambient temperature of 30 degrees centi- 
grade. 

The guides also recognize that the 
permissible continuous loading is greater 
than the rating at low ambient tempera- 
tures and less than the rating at high 
ambient temperatures. In addition, the 
guides recognize that transformers can 
carry appreciable overloads for limited 
periods and the recommendations provide 
for short-time overloads for recurrent 
conditions and higher short-time over- 
loads for emergency conditions. 


not materially reduce the dielectric 
strength because of the nonabsorption 
characteristics of the individual lamina- 
tions. The interstices of the asbestos 
and glass fibers must be filled with a 
varnish or compound to give additional 
dielectric strength above that of the air. 
Until suitable inorganic varnishes are de- 
veloped, the most logical type of class 
B insulation having the highest over-all 
electrical and temperature 
would be one composed of mica splittings 
and asbestos or glass fibers. 
Notwithstanding the apparent im- 
provements in varnishes, binders, and 
new carriers or base materials, we must 
recognize that either the electrical or 
physical limitations of class B insulation 
are still dependent upon organic sub- 


limitations 
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stances and until they are radically 
changed or supplanted by inorganic 
binders and varnishes having suitable 
electrical and physical properties, plus 
stability at higher temperatures, we must 
not overlook this factor in proposing 
changes in general standards for operat- 
ing-temperature limits of electrical ap- 
paratus. 

In view of the variables which are so 
difficult to measure and correlate, any 
standards of temperature limits must, of 
necessity, be a compromise between the 
conservative viewpoint of low operating 
temperatures, reliability, long life, high 
efficiency, and the liberal viewpoint of 
lower first costs by reduction of size, 
higher operating temperatures, shorter 
life, reduced efficiencies, higher main- 
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tenance cost, and possible shut-downs for 
major repairs. Several years of operat- 
ing experience has proved the AIEE 
standards for class B insulation, that 
is, a maximum hot-spot temperature of 
125 degrees centigrade to be a fair and 
practical compromise. 

The available information in regard to 
time-temperature characteristics of elec- 
trical insulation of all types as applied to 
electrical apparatus, is very meager. It 
would therefore seem very desirable for 
both the manufacturers and the operating 
companies to undertake a definite pro- 
gram for the investigation of this im- 
portant subject. Any information thus 
found would be to the mutual knowledge 
and advancement of our engineering 
society. 
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Asbestos and Glass-Fiber Masgnet- 
Wire Insulation 


By K. N. MATHES 


ASSOCIATE AIEE 


AGNET WIRE may be divided 

into class O, class A, class B, and 
class C, on the basis of the AIEE tem- 
perature ratings.' Many types of class 
O or class A magnet-wire insulations are 
in common use. The variety of class B 
magnet wire insulations is, for obvious 
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reasons, much more limited. Different 
types are listed in table I. 

Felted asbestos fiber has been promi- 
nent as a class B fibrous magnet-wire insu- 
lation. The recently developed com- 
mercial production of glass-fiber-insu- 
lated magnet wire has created consid- 
erable interest. This paper is limited to a 
consideration of the properties and appli- 
cation of these two types of class B fibrous 
constructions. 

Class B magnet wire is used principally 
where high temperatures are encountered. 
The temperature stability of insulation, 
however, cannot be considered alone as it 
is qualified by many other factors when 
considering a particular application. In 
some cases flexibility may be of first im- 
portance and an extremely heat-resistant 
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impregnating material, which may _ be- 
come brittle and crack, cannot be used. 
Heat resistance may have to be sacrificed 
in order to obtain the necessary degree of 
flexibility. Similarly insulation may be 
subjected to higher temperatures when 
not exposed to conditions of moisture. 
It is important, therefore, to study many 
other properties of a class B magnet wire 
even though the temperature stability 
may be of primary importance. 


Conclusion 


The temperature limitations of class B 
magnet wire must be studied in terms of 
many related factors. The stability of 
the associated varnish is one of the most 
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Figure 2. Volts per mil versus thickness of 
dry asbestos 


Density 0.035 pound per cubic inch 


important considerations. Where good 
moisture resistance must be retained, op- 
erating temperatures should be restricted 
to approximately 125 degrees centigrade 
in order to preserve the varnish film. 
Experience has indicated that for many 
types of service conditions and with the 
proper material reasonable insulation 
life can be expected for a range of tem- 
peratures from about 125 to 175 degrees 
centigrade. Of course insulation life 
decreases rapidly at the higher tempera- 
tures. In special applications, which are 
completely free from vibration and where 
dielectric requirements are not severe, 
operation at temperatures above 175 de- 
grees centigrade may be permitted. The 
designer of electrical ‘apparatus must 
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correlate these factors to suit his particu- 
lar problem. 

The advantages of asbestos-insulated 
magnet wire in class B operating service 
are well established. 

Glass-fiber magnet-wire insulation is 
finding an important field of use in elec- 
trical apparatus. The superior electrical 
properties and possibility of decreased 
space factor are important in many ap- 
plications, and further improvements 
can be expected as development proceeds. 
Glass-fiber insulation is still too new to — 
permit the presentation of extensive in- 
formation concerning its life under serv- 
ice conditions. 


Properties of Unvarnished 
Asbestos and Glass Fiber 


In the analysis of any electric insula- 
tion wherein several components com- 
prise the whole, it is essential to give care- 
ful consideration to the selection of these 
components and evaluate their individual 
characteristics. 

The term “asbestos” is a commercial 
term applied to any mineral which can be 
readily separated into more or less flexible 
fibers. Asbestos is a heat-resisting non- 
metallic mineral silicate including two 
groups—the serpentine or chrysotile 
group (hydrous silicates of magnesium) 
and the amphibole group (metasilicates 
of magnesium, calcium, iron, sodium, and 
aluminum, with a little water of hydra- 
tion). 


Table | 


Continuous Inorganic oxide Inorganic materia] 


(enamel) bound with or- coated with or- 
ganic binder? ganic material? 

Ribbon Asbestos paper Paper or cloth 

baked mica tape 

Fibrous Varnished asbes- Varnished glass 

tos fiber fiber 
Table Il 
Property Asbestos Glass Fiber 

Fusing point (de- 1,5504 About 700 
grees centigrade) 

Yield point (loss of No signifi- 550 to 600 
resilience) (de- cance 
grees centigrade) 

Dehydration tem- Over 385 None 
perature* (de- 
grees centigrade) 

Stress - relieving No signifi- Above approxi- 
temperature (de- cance mately 150 
grees centigrade) 

Acid resistance Fair Good (attacked 
by hydro- 
fluoric) 

Resistance to co- Decomposes Unaffected 
rona slowly 

producing 
magnesium 
nitrate 


*Loss of water of hydration (chemically combined 
water). 
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Chrysotile asbestos is the variety com- 
monly used in the electrical industry. 
Due to the fineness of fibers, and their 
strength and flexibility, it can be carded 
for felting or spun into roving (a soft rope- 
like material) for application to wire in 
much the same manner as other textile 
materials, 

The flexibility of asbestos is closely re- 
lated to the combined water content, 
which, in the chrysotile variety, averages 
14 per cent and accounts for its superior- 
ity toallother types. Flexibility is main- 
tained consistently at all temperatures be- 
low 385 degrees centigrade. At higher 
temperatures the water of hydration is 
gradually driven off and the fibers can be 
easily pulverized. From a consideration 
of heat resistance alone, it can be said 
therefore, that asbestos possesses ample 
margin for all magnet-wire applications 
in motor and generator armature and 
field coils. 

Emphasis must be placed on two fac- 
tors; magnetic iron and surface impuri- 
ties (conducting salts present on the sur- 
face of all asbestos fibers). Magnetic 
iron cannot be separated from the fiber 
commercially and extreme care must be 
used in the selection of a source having a 
low content (0.50 per cent maximum of 
magnetic iron for nonferrous grades) 
which is so generally dispersed that the 
possibility of large particles, causing 


PER CENT MOISTURE BY WEIGHT 


TIME — MINUTES 


Figure 3. Increase in per cent moisture versus 
minutes at 25 per cent and 65 per cent rela- 
tive humidity, at 25 degrees centigrade 


Samples conditioned 16 hours at 150 degrees 
centigrade 
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grounds between turns in apparatus coils, 
is remote. The same care must be exer- 
cised in selection to obtain material free 
from surface conducting salts since it has 
definitely been proved that the dielectric 
strength is not so much dependent upon 
the basic asbestos as on the amount of 
surface impurities present which have a 
great affinity for moisture, 

The dielectric properties of untreated 
dry asbestos fiber plotted as a function of 
density and thickness are illustrated in 
figures l and 2. 

Asbestos fiber for electrical insulation 
is graded as number 1 or number 2 de- 
pending upon the average length as de- 
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Figure 4. Decrease in per cent moisture 
versus minutes at 50 per cent relative humidity 
and 25 degrees centigrade 


Samples conditioned at 100 per cent relative 
humidity and 40 degrees centigrade 


termined by screen test. The asbestos 
fiber is mixed with cotton to facilitate tex- 
tile operations, 10-15 per cent being the 
usual average content for magnet-wire 
materials. The fiber is processed into 
laps for direct application or spun into 
roving (either with or without a cotton 
core) and wound on suitable packages for 
spiral wrapping on the conductor. 

Glass fiber is a synthetic material of 
definite composition and quality. The 
commercial production of glass fiber has 
been described previously.° Textile fiber 
glass may be classified as staple fiber (6 to 
8 inches long) and continuous filament. 
The fibers are 0.00025 inch in diameter or 
smaller. Because of the enormous sur- 
face area of the fine glass fibers, severe 
weathering and low electrical surface re- 
sistivity may be experienced unless the 
fibers are drawn from excellent electrical 
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Figure 5. Maximum insulation increase for 


round double-cotton- or double-glass-in- 
sulated magnet wire 


@©—National Electrical Manufacturers’ As- 
sociation values for cotton 


glass. An alkali-free glass has been de- 
veloped for electrical purposes which has 
high surface electrical resistivity and good 
resistance to ordinary moisture condi- 
tions. The alkali-free glass may disin- 
tegrate under some steam conditions and 
is not as stable as asbestos in this respect. 

The surface of the glass fiber is particu- 
larly sensitive to cutting or nicking by 
adjacent fibers and must be protected by 
a sizing material possessing proper lu- 
bricating and binding properties. The 
sizing material used at present contains 
hygroscopic materials which impair the 
electrical and physical properties. In 
addition, the sizing is somewhat corrosive 
to copper and is not truly compatible with 
most insulating varnishes. 

Although the glass fiber does not per- 
mit volume absorption of moisture, it 
cannot strictly be called nonhygroscopic 
since electrical properties may be dam- 
aged by moisture picked up in the follow- 
ing ways: 

1. Adsorption on the glass-fiber surface. 
9. Absorption in sizing material. 

3. Capillary action between fibers or 
threads. 


4. Capillary action between fiber and sur- 
rounding varnish. 


The per cent regain and loss of weight 
for unvarnished cotton, asbestos, and 
glass fiber as a function of time at various 
humidities are given in figures 3 and 4. 
The potential advantages of glass fiber 
can be emphasized by comparison with 
the asbestos fiber which is truly a bundle 
of extremely fine fibers with surfaces con- 
taminated by conducting salts. 

For use as wire insulation, both staple 
and continuous glass fiber are used. 
Staple-fiber yarn is tightly spun, bonds 
together well because of its relatively 
rough finish, and can withstand greater 
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Table Il 
Property Cotton Asbestos Glass 
Space factor See figure 5 Same as double Same as cotton (One half that of 
cotton cotton with special glass) 
Uniformity - Good Fair Good 
Abrasion resistance Superior Adequate for Inferior to asbestos for sharp-edged 
coil applica- surfaces but may be superior to 
tions asbestos for smooth rubbing sur- 
faces (adequate for coil applica- 
tions when proper consideration is 
given to the tension device) 
Impact resistance Fair to good Fair Very good 
(see figure 6) y 
Flexibility Good. Double Fair, for round Good. Double wrap superior to 
wrap = su- wire. Poor, single wrap. Slightly inferior to 
perior to for large rec- cotton 


single wrap 
Less 
single glass 


Stiffmess due to insu- 
lation (Important 
in small wire sizes) 

Bonding (depends 
somewhat on var- 
nish treatment) 


Good 


Good 


tangular sizes 
than Less 
single glass 


Single but not double wrap exhibits 
considerable stiffness. 


than 


Fair to good. Staple-fiber insula- 
tion bonds better than continuous 
filament 


elongation than continuous-filament yarn. 
In contrast, continuous-filament yarn can 
be softly spun, yet is stronger, more re- 
sistant to abrasion, and smoother in ap- 
pearance than staple-fiber yarn. Con- 
tinuous-filament yarn is available in much 
finer sizes than staple-fiber yarn, which is 
used where heavy insulation thicknesses 
are desired and varnish saturation is 
difficult to secure. 

A number of other basic properties 
listed in table II are of interest in the 
comparison of asbestos and glass fiber. 


Properties of the Insulated Wire 


In brief, two principal factors are of in- 
terest in connection with magnet wire: 


1. The ease of handling and the ability to 
withstand the factory winding operation and 
electrical tests. 


2. The design characteristics (temperature 
rise, space factor, etc.) which will allow a 
reasonable insulation life under service con- 
ditions. 
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Figure 6. Dielectric strength versus increas- 


ing impact 
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Up to the present time generally ac- 
cepted test methods are not available to 
evaluate completely the relative merits of 
fibrous magnet-wire insulations. As a 
result, practical experience must be com- 
bined with improved test methods to in- 
dicate the relative value of the insulation. 

In many cases magnet wire may re- 
ceive its most severe test in the factory 
during winding and assembly. Not only 
flexibility and resistance to abrasion but 
elongation and impact strength may be of 
extreme importance. 

Laboratory tests cannot hope to dupli- 
cate all types and combinations of service 
conditions, but can be made under con- 
trolled conditions. Tests on magnet wire 
may be divided into three classifications: 


1. Tests on the wire itself. 


2. Tests on built-up coils to represent con- 
ditions present in various types of appara- 
tus. 


3. Tests on apparatus. 


Each method of test has certain advan- 
tages and serves as a guide post in the 
over-all analysis. Most laboratory tests 
are accelerated—one or more conditions 
are made extreme in order to shorten the 
time of test. Accelerated test results 
must be carefully interpreted and only 
relative results can be expected. Long 
time tests (extended over a period of 
months with a variety of conditions, such 
as temperature, moisture, and voltage 
cycles) have much more significance in 
terms of actual operating service. Even 
long time test results serve only to indi- 
cate relative values of different types of 
insulation and cannot be extrapolated to 
indicate the absolute life under operating 
conditions, particularly since a combina- 
tion of conditions not present in the test 
may be the deciding factor. 

Once in place, insulation must meet a 
combination of various types of service 
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conditions. The most practical criteria 
of a particular wire insulation comes from 
an analysis of actual operating results. 
The problem, however, sometimes is com- 
plicated by the difficulty of determining, 
after a failure in the field, which portion | 
of the system failed first and the reason. 

Various physical properties of cotton- 
covered and varnish-treated asbestos- 
and glass-fiber-insulated wire are com- 
pared in table ITI. 


FLEXIBILITY 


When bent or stretched, a felted insu- 
lation such as asbestos exhibits an uneven 
thinning of the insulation in certain spots. 
In contrast, a wrapped fiber insulation 
such as glass fiber spreads more evenly— 
the parallel threads, when properly ap- 
plied, tend to separate slightly and main- 
tain a constant space factor. The su- 
perior flexibility of a wrapped-thread 
type of insulation becomes of practical 
importance when large wires must be 
bent on short radii without damage or 


Table IV 


Abrasion Resistance (Average 
Turns per Mil of Insulation 
Thickness to Cause Failure) 


Asbestos Glass Fiber 
Large Small Large Small 
Wire Wire Wire Wire 
As received....... SDs eines AA Sie LO FZ See 89 
Exposed one 
month to 
170 to 180 
degrees cen- 
tigrade og. <4. - ai ORAS ss sO ners 1 Pe een 5.9 


when small wires may be subject to 
elongation from automatic winding ma- 
chines. 


Impact RESISTANCE 


Ability to withstand impact is impor- 
tant when wire must be forced into place. 
A comparison of the dielectric strength of 
asbestos-, glass-fiber-, and cotton-insu- 
lated wire wound into coils and subjected 
to increasing direct impacts is given in 
figure 6. 


HEAT STABILITY 


The quantitative appraisal of class 
B wire insulation is particularly difficult. 
The permissible operating temperature 
depends on many factors and the length 
of life expected. It is necessary to dis- 
cuss the relative effect of exposure to high 
temperatures on the physical and dielec- 
tric properties. 

Deterioration of physical properties 
may be even more important than im- 
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paired electrical properties. It is pre- 
cisely this factor which is also most diffi- 
cult to measure. The effect of vibration 
and conditions caused by temperature 
cycles encountered in service cannot 
easily be duplicated in the laboratory. 
Abrasion and impact tests are made which 
may serve as an indication of resistance to 
‘such conditions in service. Table IV in- 
dicates the effect of temperature on the 
relative resistance of asbestos- and glass- 
fiber-insulated wire to the abrasion of 
smooth, tungsten-carbide rods in the form 
of a rotating cylindrical cage. 

By referring to figure 6 again the effect 
of heat aging can be observed by compar- 
ing the position of the dotted to the solid 
curves. Glass is superior to asbestos in 
this respect. 

Table V indicates the relative effect of 
exposure at 170 to 180 degrees centigrade 
on the dielectric strength of asbestos- and 
glass-fiber-insulated magnet wire. It is 
important to recognize that these tests 
were made on wire placed in a well-ven- 
tilated oven, and that aging occurs much 
more rapidly than when the wire is sealed 
deep in apparatus where oxygen is largely 
excluded. A month of exposure of 170 to 
180 degrees centigrade was sufficient to 
damage the varnish film and thereafter 
the rate of deterioration was slower. 

Both asbestos and glass must be con- 
sidered as physical spacing mediums. 
Failures or loss of dielectric strength un- 
der high heat and moisture conditions are 
primarily failures of the treating mate- 
rials used in the insulation system. 


MOISTURE RESISTANCE 


Insulation resistance is one accepted 
criterion of the effect of moisture on in- 
sulation in coils. The average insulation 
resistance between parallel wires of wound 
coils is plotted as a function of time at 100 
per cent relative humidity and 40 degrees 
centigrade in figure 7. These coils were 
wound to duplicate field coils and were 


completely varnish treated. The upper 
curve indicates the possibility of improve- 
ment in the moisture resistance of glass 
insulation. In this case the original siz- 
ing was removed from the glass fiber and 
replaced with an improved material be- 
fore varnish treatment. 


Application of Class B Magnet Wire 


No sweeping conclusions should be 
drawn from this compilation of data, 
Although tests show glass-insulated wire 
as definitely superior to asbestos in elec- 
trical properties, the mechanical proper- 
ties after exposure to high temperature 
may be inferior in some respects. Since 
glass-fiber insulation is so new, only pre- 
liminary service data have been collected ; 
years of experience have proved the serv- 
iceability of asbestos insulation. 

Keeping in mind the effect of tempera- 
ture on various properties, it is possible 
to divide approximately the types of ap- 
plication for both asbestos- and glass- 
fiber-insulated magnet wire into three di- 
visions based on operating temperatures 
as listed below. 


1. Temperatures up to 125 degrees centi- 
grade—For reasonable life the film of the 
binding varnish is not seriously impaired 
and relatively good moisture and physical 
and dielectric properties are retained. 


2. Temperatures from 125 to 175 degrees 
centigrade—Film structure of varnish 
deteriorates but sufficient varnish may re- 
main to act as a binder. Moisture resist- 
ance, electrical and physical properties 
are somewhat impaired. 


3. Temperatures above 175 degrees centi- 
grade—The binding varnish is destroyed. 
Electrical and particularly physical proper- 
ties are considerably impaired. 


In most cases operating temperatures 
above 175 degrees centigrade are impos- 
sible because vibration and wear destroy 
the insulation mechanically. 

It is perhaps too early to compare ex- 


Table V 


Dielectric Strength (Volts Per Mil) 


Wire as received, tested at 25 degrees 


centigrade, 50 per cent relative humidity.....---- 


Wire as received, and exposed 16 hours at 
40 degrees centigrade, 100 per cent rela- 


Five Humidity assess cesr sass e ses ee fee ese ee 


Wire exposed one month at 170 to 180 de- 
grees centigrade, tested at 25 degrees 


centigrade, 50 per cent relative humidity.....---- 


Wire exposed one month at 170 to 180 de- 
grees centigrade, exposed 16 hours at 
40 degrees centigrade, 100 per cent 


relative humidity. ....-:--s-sseetsseter rests 


Asbestos Single Glass Double Glass 
Average* Average* Average** 
BU abs ee le Segoe 2. ake LEIS Arron oor wa see 
DGUS Aa siet in aehala alec 105i. - 85 
Fee le licy CSIC OREO VAG eee cree est ayele 114 
LTRS ie cereal sc (o's AEM, seoiere cate 32 


*A verage of 20 re : 4 
**A verage of five results on 0.72-inch wire. 
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sults on different sizes of wire from 0.0201 to 0.114 inch. 


Mathes, Stewart—A sbestos and Glass Insulation 


Ss 


2 — 

= 4{— 

= 3 

wa 

=> 2 

w 0 

Z 06 = 
0.4 

5 03 = 

tw 0.2 

x 


Gao — 


eee 
Sco5 2 


0.02 


10 l2. 


bea 
ee 
2 4 


6 
TIME — DAYS 


Figure 7. Electrical resistance versus days 
at 100 per cent relative humidity and 40 
degrees centigrade 


tensively the field of application for as- 
bestos- and glass-fiber-insulated magnet 
wire. For the larger size of wires, the in- 
creased cost of glass-fiber insulation must 
be justified, either by increased quality 
or by saving in over-all cost. 

The following two factors should be 
studied: 


1. Possibility of decreased space factor, 
resulting in smaller motors or increased 
copper area with the same slot space and 
resulting greater output or efficiency. 


2. Possibilities for saving in labor. 


Method of Manufacture 


A commonly used method of asbestos 
magnet-wire manufacture consists of 
wrapping asbestos roving spirally around 
the conductor, applying compound, and 
removing the excess with suitable polish- 
ing dies. With this method, uniformity 
of the insulation is limited by the uniform- 
ity of the roving which, in the smaller 
sizes, is difficult to control. Low pro- 
duction speeds result because of lack of 
strength when the finer sizes of roving are 
used, and this method is generally limited 
to large wires with insulation increases 
greater than for double cotton. 

A method whereby the asbestos ts 
felted on the wire was introduced in re- 
cent years which permits the application 
of carded asbestos directly to the wire, 
giving a homogeneous, intertangled mass 
of asbestos at all points on the conductor. 
Improved space factor, greater density of 
insulations, more uniformity, and reduced 
cost are achieved. Wire sizes from num- 
ber 30 to 4/0 can be readily insulated 
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maintaining double cotton insulation in- 
creases or less in special applications. 
With greater density and uniformity im- 
proved dielectric strength has resulted. 
This method has one deficiency—loss of 
insulation flexibility on larger sizes of 
rectangular wire which may be overcome 
by the use of proper treating materials. 

Since glass fiber is so readily twisted 
into strong, fine thread, it is applied in 
this form to wire. The yarn is wound 
with parallel ends in a universal winding 
and is applied by wrapping the ribbon of 
parallel ends around the wire as it runs 
through the wrapping machine in a man- 
ner very nearly the same as that used 
with cotton or silk. Care is used to elimi- 
nate sharp edges and unnecessary rub- 
bing surfaces in order to reduce abrasion 
and friction to a minimum. Since the 
yarn has very little extensibility, the in- 
sulating process must be very precise to 
avoid yarn breakage. 

Staple glass fiber has been applied to 
wire directly as it comes from the fiber- 
making machine in the form of a wrapped 
sliver of parallel filaments. Wire insu- 
lated in this way does not have the den- 
sity nor uniformity of a wrapped-thread 
type of insulation. 

Fibrous-insulated class B magnet wire 
must be compound or varnish treated in 
order to attain sufficient abrasion resist- 
ance to be suitable for winding operations. 
An adequate treatment should give the 
wire the following characteristics: 


1. Good abrasion resistance—obtained by 
adequate bonding, penetration, and filling 
of the interstices between fibers. 


2. Hard and smooth surface film. 
3. Good flexibility. 


These desirable qualities are functions 
of the following factors: 


1. Type and nature of treating varnish or 
compound. 


2. Method used to secure penetration. 


3. Temperature and degree of baking. 


Because so many factors are concerned, 
no one exact method can be described at 
this time for varnish or compound treat- 
ment of fiber-insulated wire. 
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tion of 132 kv. 


Lightning Performance of 
110- to 165-Kv Transmission Lines 


GREAT MANY papers have been 
presented in recent years on the 
subject of lightning as it affects the elec- 
trical industry and particularly trans- 
mission lines. Quite a few of these papers 
have dealt with the lightning perform- 
ance of high-voltage lines in service 
covering individual systems.in various 
sections of the country. 

A committee paper was presented in 
1935 on “Lightning Performance of 
220-Kv Lines” ! which summarized and 
discussed the records of some 19 lines in 
the 220-kv class comprising practically 
all lines of that voltage operating in the 
United States and Canada. This type 
of record with its broad inclusive coverage 
of lightning performance of lines was re- 
ceived with so much favor that it was 
recommended by the AIEE power trans- 
mission and distribution committee that 
the lightning and insulator subcommittee 
collect and present similar records giving 
the lightning performance of high-volt- 
age lines in the general voltage classifica- 
The data and discussion 
presented in this paper have resulted 
from the above situation. 


Scope and Plan 


In collecting data on these higher-volt- 
age lines, it was decided to include the 
transmission voltage range from 110 kv up 
to 165 kv, inclusive, for lines operating 
in the United States and Canada. 

The data were obtained by sending a 
questionnaire to companies who either 
operated or had under their control lines 
in the above classification. The ques- 
tionnaire included 71 questions which 


Paper number 39-60, prepared by the lightning 
and insulator subcommittee of the AIEE com- 
mittee on power transmission and distribution, 
recommended by the AIEE committee on power 
transmission and distribution, and presented at the 
AIEE winter convention, New Work;, (Na Y;. 
January 23-27, 1939. Manuscript submitted 
November 25, 1938; made available for preprinting 
December 30, 1938. 


Personnel of AIEE lightning and insulator sub- 
committee: Philip Sporn, chairman; H. A. 
Frey, I. W. Gross, D. C. Jackson, Jr., W. W. Lewis, 
J. T. Lusignan, F. W. Packer, and C. F. Wagner. 


The committee wishes to acknowledge the whole- 
hearted co-operation of the contributing companies 
who have generously contributed data to make this 
report possible and their prompt response in an- 
swering the questionnaire on which the data pre- 
sented in this report were based. It also acknowl- 
edges the assistance of G. D. Lippert of the Ameri- 
can Gas and Electric Service Corporation in pre- 
paring the data received into suitable form for 
analysis as given herein, 
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were designed to give principally what 

was considered important information on 

line construction and line operation and 

to bring out outstanding features which 

might throw some light on the lightning M4 
performance of these lines over the past 

ten years. Some information not di- 
rectly connected with the lightning per- 
formance of the line was requested and 
has been included in the data presented 
herewith. 

Each company was asked its opinion as 
to whether the ten-year lightning per- 
formance of each of its lines was satisfac- 
tory, and if not, what types of improve- 
ment were being considered. The de- 
tailed questionnaire with accompanying 
prints of typical towers and counterpoise 
designs is too lengthy to reproduce here, 
but the pertinent data received has been 
tabulated, analyzed, and discussed. 


Extent of Lines Reported 


The questionnaire was sent out to 35 
companies in the United States and 
Canada. Operating records and data 
were received from 24 companies. Four 
companies reported that they had no lines 
in the voltage range indicated and seven 
companies failed to send in an answer. 
It will therefore be seen that of the 35 
companies contacted, the response to the 
committee attempt to get information 
in this way has been most gratifying, re- 
plies having been received from 70 per 
cent of the companies. 

It is interesting to note that of the 24 
companies sending in data, records have 
been received on lines operating in 20 
states in the United States and also from 
Canada. The lightning severity as shown 
by the isokeraunic level where these lines 
operate ranges from 22 storms to 68 
storms per year, that is a ratio of slightly 
over three to one. 


Table I gives in some detail the char- 
acter of the transmission lines on which 
data were obtained. The table shows 
that the records cover 7,140 miles of line 
(right of way) of which 3,890 are of 
two-circuit, steel-tower construction; 
1,725 of single-circuit steel construction; 
and 1,526 of single-circuit, wood construc- 
tion. Fifty-four per cent of the mileage 
is of 132-kv construction; 31 per cent 
of 110-kv rating; and the balance dis- 
tributed among the other voltage classes. 
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Figures 1-9. Typical transmission structures 


All the lines operate at 60 cycles unless 
otherwise noted in footnotes 1 and 2 of 
the table. 


Presentation and 
Discussion of Data 


It has not been possible to include all 
the data received as a result of the ques- 
tionnaire, but the major part of it, par- 
ticularly that which covers the lightning 
characteristics of the line and its light- 


Table I. 


STEEL TOWER FiG.5 | STEEL TOWER FIG.6 


TOWERS 


shh 


= 


Figures 10-15. Typi- 
cal counterpoises 


SHfelsli= 


ER Fic.9 


ning performance, has been correlated 
and tabulated in table II. The names of 
the companies and lines are given by 
symbol only as a result of a specific re- 
quest by a few companies that com- 
pany name and line be withheld from 
publication. 

While replies to the questionnaire were 
in most cases complete and carefully pre- 
pared, in a few cases some questions were 
apparently misunderstood with the result 
that the data submitted presented some 
difficulties in interpretation. However, 
such instances are few and it is believed 
that any errors of interpretation placed 


Miles of Three-Phase Line (Right of Way) 


Wood-Pole and Steel-Tower Construction 


Single Circuit 


Double Circuit 


Line 

Kilovolts Wood Steel Wood Steel Total 
LGR. Sse Ee SSBES CSR Be ee O Te HE OC NORIO aR A ia 135.2 135.2 
154. CO Fae ela HGR RODS DoD a Ooi. OrOres Tks PAW eA me of OF 118.2 
HAG eee eae he ear -weteyE cas oue ite oreo RR Sy 5 te me volttiahoss\ » igtct evaloiohe disrale. r PO (Aisa hc et Or 336.0 
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Totals.......1,526.4 | Oe den poctonoo sueiporontme nomena Oe ae A 7,140.9 

Total wood... 1,526.4 

Total steel.... 5,614.5 

"Potal sonar ners eles 7,140.9 


* Includes 31.5 miles of four-circuit single-phase 25-cycle line. 


+ Includes 171.9 miles of 25-cycle line. 
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on the data sent in are of minor impor- 
tance. 


TOWER AND COUNTERPOISE 
CONFIGURATION 


In figures 1 to 9 are given the typical 
tower structures in use as tabulated in 
column 7. Likewise, figures 10 to 15 
give types of counterpoise configuration, 
where used, as listed in column 21 of 
table II. 


GROUND WIRES 


The effect of ground wires in reducing 
lightning outages is shown both in table 
III and figure 16. From table III it ap- 
pears where no ground wire is used, single- 
circvit steel lines show an average of 29.8 
outages per hundred miles of line per 
year; with one ground wire, the outages 
figure becomes 9.8; and with two ground 
wires 7.0. The same general type of 
reduction is shown for wood-pole con- 
struction although the figure of 0.44 
outages for the single-circuit, wood line 
with one ground wire is probably ques- 
tionable for comparison purposes as it 
includes the record of only one line. 

The benefit in going from one ground 
wire to two is clearly indicated in table 
III where the outages on two-circuit steel 
lines drop from 7.1/4.2 to 5.2/3.5 as the 
ground wires are increased from one to 
two. The figures separated by the slant 
indicate outages per hundred miles of line 
per year, the first figure before the (/) 
being for single-circuit outages and the 
second figure for two-circuit outages. 
These figures for two-circuit steel tower 
lines give a ratio of 1.36 for single-circuit 
outages and 1.20 for double-cireuit out- 
ages as between the one-ground-wire and 
the two-ground-wire ‘arrangement. For 
single-circuit steel-tower lines the ratio 
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AS 38.8 MILES. 
_ SOME LONGER SPACED UNITS IN USE. 


(w) WOOD ARMS. 
OR LESS. 
(Y) ON PART OF LINE ONLY. 


CIRCUIT. 
(u) LINE 2AA AND CONTINUING 2A LINE INCLUDED TOGETHER 


(t) RINGS AND RINGS ONE CIRCUIT ~ SPOONS ON OTHER 


($) PROTECTOR TUBES EVERY FIFTH TOWER. 
(x) AS REQUIRED TO REDUCE RESISTANCE 


(Zz) GROUND WIRES ON 67.3 MILES ONLY. 


(v) 


934 AND 
VIT SUMMER 
OM THIS CIRCUIT. 
BOTTOM PHASE 10 UNITS. 
TUBES INSTALLED 
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GES NOT SEGREGATED. 


TUBES - AND SECTION- 


AT 33 KV. 


58 


- RINGS AND HORNS REMOVED FR 
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Wor 
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FTER INSTALLING GROUND RODS BUT BEFORE COUNTERPOISES. 


PROTECTOR TUBES INSTALLED ON ONE CIRC 
939 


PROTECTOR TUBES INSTALLED SPRING OF | 


RING AND RINGS REMOVED. 
ALIZED AT MID-POINT - PROTECTOR 


SINGLE AND DOUBLE CIRCUIT OUTA 
SEPTEMBER 1935. 


TOP AND MIDDLE PHASES ONLY; 
25 CYCLE LINE. 


BUILT FOR 132 KV, OPERATED 
ONE CIRCUIT WITH PROTECTOR 
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Figure 16. Effect of ground wires on light- 
ning outages of single-circuit lines 


of outages (from table III) is 1.40. While 
these figures are indicative of the benefit 
accruing from using a second ground wire 
it should be kept in mind that many of 
the two-ground-wire lines have been con- 
structed with more insulation and other 
lightning resistant features than have 
generally been employed on some of the 
older single-circuit lines. 

A clearer graphic picture of the benefits 
of the use of ground wires is shown in 
figure 16. On all single-circuit lines with 
and without ground wires, where the 
record is clear, it is shown that 50 per 
cent of the lines included here have out- 
ages not exceeding 24 for 100 miles with 
no ground wire, 5.5 with one ground 
wire, and 2.0 with two ground wires, 

Considerable theory and discussions 
have been presented in the past on the 
desirability of locating the ground wire 
at a considerable height above the line 
conductors. In an attempt to obtain 
statistical data on this subject, the aver- 
age line outages for 10 years, or the period 
reported, have been plotted against the 
height of ground wire above the top con- 
ductor. The record is shown in figure 
17. While it appears that two lines, one 
with a ground wire 18.9 feet and the 
other 20 feet above the line conductor, 
have a practically perfect operating rec- 
ord, it should be pointed out, however, 
that both of these lines also have line 
insulation and clearance at the tower 
considerably higher than has been gen- 
erally reported for other lines of the 
same voltage classification. With out- 
ages ranging from 0 to 61.0 per year 
where the ground wire heights range from 


302 TRANSACTIONS 


7 to 13 feet above the conductor, however, 
it would appear that there are other fac- 
tors more important than the height of 
the ground wire above the conductor that 
control the outages. 


SINGLE-CIRCUIT 
AND Two-Circuir OUTAGES 


A comparison of single- and double-cir- 
cuit outages is given in figure 18. It will 
be noted that for 50 per cent of the two- 
circuit lines the double-circuit outages do 
not exceed about 1.0 and the single- 
circuit outages 4.0 per 100 miles of line 
per year. It thus appears that the double- 
circuit outages are 20 per cent of the total 
outages on two-circuit lines for 50 per cent 
of the cases. For 80 per cent of the lines, 
32 per cent of the outages are double cir- 
cuit. As the yearly outages increase, 
single- and double-circuit outages be- 
come nearly equal. 

A comparison of single-circuit steel and 
wood lines is also shown graphically in 
this figure 18. Here wood does not show 
up to any particular advantage against 
steel. 


TOWER Foorinc RESISTANCE 


The beneficial effect of tower footing 
resistance in reducing lightning outages 
has been presented both theoretically and 
from practical operating data previously. 
To throw some further light on this as- 
pect of lightning protection, the pertinent 
data have been taken from table II and 
plotted against average tower footing 
resistance in figure 19. The trend to 
low outages with low resistance is quite 
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marked here. The general conclusion 
that can be drawn from this curve is that 
if the line outages are to be kept to a low 
value, the tower footing resistance should 
be not in excess of 10 ohms per tower. 
It should be noted, however, that low 
tower footing resistance, or counter- 
poises, alone will not suffice, as shown 
by a few yearly outages from 5 to 22 
even where the resistance is 10 ohms or 
less per tower. 


LocaL LIGHTNING SEVERITY 


Any accurate comparison of the light-— 
ning performance of lines must of neces- 
sity take into account the lightning con- 
ditions under which the line is called upon 
to operate. An attempt to reduce light- 
ning outages to a common basis would 
require a reasonably accurate evaluation 
of the lightning severity in the territory 
where the line is located. No easy way 
of doing this presents itself. However, 
columns 46 and 47 of table II indicate to 
some degree the severity of the lightning 
territory. The data in column 46 is the 
estimate of lightning severity given by 
the reporting companies. The figure in 
column 47 is the isokeraunic level taken 
from the 20-year average isokeraunic data 
as published by the United States Govern- 
ment. The lightning territory in this 
tabulation ranges from lightning storms of 
a density of 22 storms per year up to a 
maximum of 68 per year, that is, a ratio 
of over three to one. No attempt has 
been made to evaluate line outages taking 
into account this variation of lightning 
density as it is felt that the data as a 
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whole do not lend themselves readily to 
this type of analysis. The conclusions 
drawn from such an analysis might be so 
susceptible to error that no quantitative 
correlation has been attempted. In gen- 
eral, however, it is quite noticeable that 
the higher figures for line outages per 
year are associated, as might be ex- 
pected, with the higher lightning density 
of the territory where the line is located. 


INSULATORS AND LINE CLEARANCE 


All insulators are, of course, of the sus- 
pension type and range in size from 
43/,-inch spacing to 6'/2-inch. The num- 
ber of insulators used in suspension strings 
ranges from 6 to 8 for wood structures 
and from 6 to 11 for steel structures in 
the 110-kv class to 9 to 11 for wood and 
8 to 12 in the 132-kv class. This is ex- 
clusive of the long spaced (6!/:-inch) 
unit, used on a few lines. 

Where wood structures are used, it 
will be noted that there is no general 
tendency to decrease the number of in- 
sulators used. However, in some of the 
110-kv wood-pole lines seven units are 
used, although there is little apparent 
indication that this number of units was 
: used with the intention of utilizing the 
wood as normal-frequency voltage in- 
sulation. 

In the matter of clearances at towers 
between the conductor and the tower 
structure, it will be noted that the clear- 
ance ranges from a minimum of 31 inches 
for 110-kv lines up to a maximum of 67 
inches at 45 degrees and 30 degrees con- 
ductor swing, respectively. For the 132- 
kv lines the range of clearances is from 
37 inches to 66 inches at conductor swings 
in the order of 50 degrees. 

In general it is not apparent from an 
analysis of the line outage data that the 
amount of insulation provided in the in- 
sulator string itself has a great deal of 
bearing on the performance of the line 
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Figure 18. Lightning outages on transmission 
lines. Single- and double-circuit lines with 
wood or steel structures 


under lightning conditions. In other 
words, any attempt to overinsulate a line 
beyond normal requirements does not 
appear to have much influence on its 
lightning outage record. 


HEIGHTS OF CONDUCTORS 


The opinion has sometimes been ex- 
pressed in the past that a line which was 
built low to the ground was more im- 
mune from lightning troubles. The data 
presented in table II, however, fail to 
bear out this contention. For example, 
a comparison of the operating record of 
the lines of company 4, where the height 
of conductors is 46 feet, with the record 
of company 8, where the height of con- 
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ductors is 100 feet, shows on an average 
higher outages for the line built closer 
to the ground. A comparison of other 
lines given in the table gives the same 
type of conflicting data. From this 
record it might be concluded that what- 
ever factor the height of the line above 
ground may have in influencing the light- 
ning outages, it is frequently submerged 
in other factors of line construction. 


ARCING PROTECTION AND 
PROLONGED OUTAGES 


In an attempt to determine whether 
high-voltage transmission systems in 
general are subject to prolonged outages, 
the data in columns 44 and 45 of table II 
have been listed. Analysis of these data 
shows that in general burned-down con- 
ductors and prolonged outages, except 
in the case of one company, are relatively 
rare and are confined almost entirely to 
those circuits where the most modern 
type of arcing protection is absent. Most 
of the cases reported are on lines having 
insulator strings equipped with arcing 
horns on the line side only, or where no 
arcing protection at all is applied to the 
insulator strings. A summary of the 
record shows the following: 


Rings 
and 
Horns 
or No 
Rings Line Pro- 
and Rings tec- 
Rings Only tion 
Burned-down 
conductors.......--- legos 2eBeoo cH 
Prolonged outages...... Oc) Sdeju eae 
Miles of line..........1,962....2,022... . 2,613 


A study of the relay and breaker times 
to clear faults (columns 29, 30, and 31 of 
table II) does not clearly indicate that 
moderately fast clearing of the fault will 
mitigate line troubles unless some effec- 
tive arcing protection is applied to the 
insulator assemblies. It should be 
pointed out, however, that the relay and 
breaker operating times in table II are 
those presumably in use at the present 
time, so that troubles reported in many 
cases may have occurred before means 
were taken to speed up relay and breaker 
time. 


SATISFACTORY PERFORMANCE OF LINES 
AND IMPROVEMENTS CONSIDERED 


In answer to the question as to whether 
the lightning outage performance of the 
lines as given by each company was satis- 
factory or not and whether improvements 
were being considered to better that per- 
formance, it will be noted from columns 
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Figure 19. Effect of tower footing resistance 
on line outages for steel-tower ground-wire 
lines 


48 and 49 in table II that in the large 
majority of cases, companies reporced the 
operation was considered satisfactory. It 
should be pointed out, however, as men- 
tioned by one reporting company, that 
while the outage record of some lines is not 
considered particularly low, the particular 
operating conditions do not require the 
high grade of line performance which 
might be required under some other op- 
erating conditions. For example, where 
two-circuit lines are in use, a high single- 
circuit outage record is not highly ob- 
jectionable. On the other hand, where 
the outage record is high for double- 
circuit outages, or for single-circuit 
outages on single-circuit lines, the con- 
dition is entirely different. Again, where 
lines are operated in parallel with other 
lines between the source of power and 
load, or serve as a tie between two sources 
of power, the outage performance of such 
lines under lightning conditions may not 
be as exacting as in the case of lines which 
are the only source of power supply to 
important loads. 

It will be noted that the general types 
of improvement being considered com- 
prise lowering tower footing resistance, 
either by ground rods or counterpoises, 
use of protector tubes, and, as reported 
by one company, fast-reclosing high- 
speed breakers. 


Conclusions 


In presenting such a voluminous mass 
of data as given in table II and attempt- 
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ing to correlate and analyze the operating 
records of some 150 transmission lines it 
is not hoped more than to touch on the 
salient points. The following conclu- 
sions, from the analysis made, however, 
seem to be justified: 


1. Overhead ground wires are a very effec- 
tive means of reducing line outages. 


2. Placing the ground wire at excessively 
great heights above the line conductor does 
not seem to be justified. 


3. Low tower footing resistance is necessary 
to reduce line outages due to lightning 
(provided lightning discharge devices such 
as protector tubes are not used). Values 
in the order of 10 ohms or less are suggested 
as desirable. 


4. The conductor height above ground 
(tower height) does not appear to be an 
important contributing factor in affecting 
line outages. 


5. Considerable benefit should be possible 
in improving the outage performance of 
lines by the judicious use of wood as insu- 
lation against lightning. 


6. Double-circuiting a line is an effective 
method of reducing service outages as shown 
by the low ratio of double-circuit outages 
to total outages on such lines. 


7. Effective arcing protection on insulator 
assemblies is desirable to reduce line 
troubles. Horns on the line side only do 
not supply such protection. 


8. The generally considered means of 
bettering the lightning performance of lines 
in the 110- to 165-kv class as reported here 
are (1) lowering tower footing resistance, 
by ground rods or counterpoises, (2) pro- 
tector tubes, and (3) fast-reclosing high- 
speed breakers. 


9. The committee welcomes discussions 
from any of the companies who have con- 
tributed data on which this paper has been 
based, particularly as they may throw any 
further light on special features of their line 
construction which have affected the line 
performance. Comments will also be ap- 
preciated on features not possible to cover 
fully in answers to the committee question- 
naire, or not fully covered in this presenta- 
tion and discussion, 


Discussion 


E. R. Whitehead (Duquesne Light Com- 
pany, Pittsburgh, Pa.): This Paper is of 
special interest and value to me at this 
time because the company with which I 
am associated has just completed a rather 
detailed study of the lightning performance 
of its 66-ky transmission ring. While 
there are minor variations in the tower con- 
figuration a sufficiently representative one 
consists of a double-circuit vertical arrange- 
ment as in figure 1 of the paper. Top and 
bottom phases are separated 18 feet between 
circuits, while the middle phases are sepa- 
rated 22 feet. The vertical] separation is 
8 feet between top and middle phases and 
7 feet between middle and bottom phases. 
The single ground wire is 7 feet above the 
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top conductor. Six units are used in sus- 
pension and seven units for dead end. Air 
clearance is generally 31/2 feet. 

Lightning tripouts in outages per hundred 
tower mile years vary from a low of 3.97 to 
a high of 56.8. The two sections to which 
these figures apply lie on opposite sides of 
the city, and in the past it has been assumed 
without question that the great differences. 
were attributable to ‘preferred storm 
paths.” < 

In an effort to verify this assumption, 
several exposed 22-kv subtransmission lines 
without ground wires were chosen adjacent 
to these 66-kv line sections and tripouts from 
lightning compiled in the same terms over a 
five-year period. The figures are 61 and 
70, respectively. It is apparent that ‘‘pre- 
ferred storm paths’’ will not account for the 
great difference in performance. 

Since the study was primarily directed 
toward the improvement of poorly per- 
forming line sections, the worst of these, 
28.36 miles in length, was selected together 
with an adjacent section 15.08 miles long 
and 32 towers chosen at random for ground 
resistance measurements. Here again it 
had been tacitly assumed that the poor 
performance could be explained by the storm 
frequency and very high ground resistances. 
The belief in the presence of high tower 
footing resistances arose from an earlier 
survey which included measurements of 
ground rods disconnected from the towers. 

Footing resistances from 1.6 to 78 ohms 
were measured, the average being 16 ohms. 
Calculations based upon this average re- 
sistance and upon perfect ground-wire 
shielding gave an over-all flashover figure 
of 4.25 per cent. The actual flashovers for 
this section average 11 per year, requiring 
the absurd total of 260 strokes to the tower 
line per year. As previously stated, ex- 
posed 22-kv lines in the same general area 
had an outage record of only 70 per hundred 
miles per year. From this sample, taking 
into account the relative heights of the 
66-kv and 22-ky lines, it has been estimated 
that the actual number of strokes to the 
28.36-mile 66-kv line section was approxi- 
mately 32. 

The first step toward more accurate 
analysis was the construction of a tower- 
footing-resistance distribution table from 
the field data and the recalculation of the 
over-all flashover percentage. This calcu- 
lation included midspan flashover for mid- 
span stroke tower flashover for midspan 
stroke, and tower flashover for tower stroke. 
The result in this case was 12.45 per cent. 
It is clear that average ground resistance is 
not at all a suitable datum upon which to 
base estimates of line performance, nor can 
one easily correlate the data in the present 
paper with calculations. Using this per- 
centage and assuming perfect shielding, the 
required number of strokes to the line is 88. 
This figure is still more than double a 
reasonable number. 

The second refinement was an attempt to 
evaluate the effect of the electrostatically 
induced potential on the line wire. As has 
been pointed out,! the effect is to lower the 
tower-top potential necessary to cause in- 
sulation flashover, and the per cent flash- 
overs will increase correspondingly. 

An approximate method was derived to 
include this effect by considering a cloud 
height of 1,000 feet, rectangular bound 
charge of 2,000 feet length, a lightning cur- 
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rent of 1/2.) microsecond, and discharge 


increments of one microsecond each. At 
the point of stroke the maximum induced 
voltage is proportional to the stroke current, 
and a fixed constant of proportionality may 
be added to the tower footing resistance 
when solving for the current required to 
cause flashover. The result of this ap- 
proximation was to increase the per cent 
flashovers to a value of 15.0. 

With such a small increase attributable 
to the effect of induced voltage on the line 
wire, it was felt that the assumption of 
perfect shielding was invalid. 

If X is the fraction of total strokes which 
strike a line conductor, then we may define 
the “shielding factor” as (1 — X) and the 
equation governing flashovers is 
Xn+(1—X)Pn=F 


where 


total strokes to tower line 
per cent flashovers for 
shielding 
F = flashovers 


3 
Il 


ac) 
ll 


complete 


Inserting 
P = 0.15 F=11 n = 32 


in this equation, there is 


11 
0.85X + 0.15 = 95 = 0.344 


32 
0.85X = 0.194 
xX 


0.228 


Il 


Shielding factor = 1 — X = 0.772, a value 
which has been deduced as the shielding 
efficiency of the Glenlyn-Roanoke 132-kv 
line which has a single ground wire.* 

In order to test this analysis further, a 
number of tower-footing-resistance measure- 
ments were made on the line sections having 
the best performance. All values were 
under ten ohms, and since the distribution 
curve was taken in ten-ohm steps, this value 
was used to compute comparative per- 
formance of these sections. 

The results were: 


— 


Average Flashovers 


per Year 
Line Actual Calculated 
Colfax-North.......-.0202+-:3-De eee eeee 3.70 
Colfax-Pine Creek.......--- gee: SRP 1.67 
Pine Creek-North.........-- Bul e sisin 6 = 2.29 
B. I.-Woodville......-..---> 5 ay Comenaeae 2.01 
Woodville-Dravosburg ....-- i Re ta 2.23 


With one exception, the calculated faults 
are in excess of the actual as would be 
expected when Megger resistance values 
are used instead of the surge values which 
are somewhat lower. Moreover, some sub- 
normal insulation and clearances may exist 
on this line. 

It appears that the effect of induced line 
voltage would be negligible on most of the 
lines whose performance is reported in 
the paper, but if shielding were generally of 
the order of 0.75 for single-ground-wire lines 
it should be evidenced by components inde- 
pendent of ground resistance in the curves 
of figure 19. Because of the absence of this 
component, one is tempted to conclude that 
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practically complete shielding exists for the 
great majority of lines listed. 

A partial explanation of this apparent 
disagreement may lie in the fact that while 
the ground wire on our lines is 7 feet above 
the top conductor on the drawing, it has 
been found as low as 3!/» feet above the top 
conductor in numerous instances because 
of the substitution of suspension towers for 
strain towers. The exact proportion of 
these cases is unknown at this writing. 

For the transmission engineer who con- 
templates reconstruction of old lines to 


‘improve lightning performance the question 


of shielding and its numerical measure is of 
paramount importance, and the writer will 
welcome any comment which the authors 
of the paper may make with regard to this 
point. 
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S. K. Waldorf (Pennsylvania Water and 
Power Company, Baltimore, Md.): In 
item 26A of table II of the paper are given 
data on the Safe Harbor-Perryville Line of 
the Pennsylvania Water and Power Com- 
pany. The single case of burned-down 
conductor and prolonged outage on this line 
was due to sleet, and not to lightning. An 
additional year of operation without outage 
of this line has been obtained since the data 
were submitted to the committee, making 
four years in all. 

In the committee’s report an attempt has 
been made to evaluate the benefits to be 
derived from various factors which enter 
into lightning protection, such as overhead 
ground wires, insulation level, etc. As the 
committee has pointed out, it is very diffi- 
cult to determine the influence of any one 
factor upon performance. For instance, in 
figure 17 of the paper, showing the effect of 
ground wire height on line outages, the 
points are widely scattered, indicating that 
there are other factors which are probably 
more important than this one item. How- 
ever, in figure 19, showing the effect of 
tower footing resistance on line outages, the 
behavior of lines having counterpoise is 
shown to be definitely superior to those hav- 
ing ground rods. It should be noted that 
these data do not indicate any special 
benefits due to counterpoise other than as 
a means for reducing tower footing re- 
sistance, but they do indicate that tower 
footing resistance is a powerful factor in 
lightning protection. 

In figures 10 to 15, inclusive, are given a 
number of general arrangements for counter- 
poise. The arrangement which has been 
most effective on the system of the Penn- 
sylvania Water and Power Company has 
been a graded installation scheme where the 
number and length of counterpoise con- 
ductors have been varied to suit individual 
tower grounding conditions. It was on the 
Safe Harbor-Perryville 132-kv line that the 
first extensive use of this scheme of counter- 
poise installation was made by the Penn- 
sylvania Water and Power Company. On 
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this line as many as eight conductors in 
parallel were used as a counterpoise system 
connected to towers having high footing 
resistances initially, In such cases four 
geometrically and electrically parallel con- 
ductors were installed along the right-of-way 
on each side of a tower. Based on experi- 
ments in the field, later practice has been 
to limit counterpoise conductors to six in 
parallel, three conductors on each side of a 
tower. Where it has been necessary to in- 
stall three parallel conductors, they have 
in many cases been extended to the adjacent 
towers and the wire used in this way rather 
than in adding a fourth wire. 

Figure 16 indicates a superiority of two 
overhead ground wires over one overhead 
ground wire. During the past lightning 
season, the Pennsylvania Water and Power 
Company has had the opportunity of com- 
paring the operation of two 69-kv lines of 
very nearly identical characteristics except 
as regards the number of overhead ground 
wires and their position. These two lines 
are the Holtwood-York line, 22.8 miles 
long, with two overhead ground wires 10 
feet above the topmost line conductors at 
all towers, and the Holtwood-Coatesville 
line, 29.4 miles long, with a single overhead 
ground wire 3!/, feet above the topmost 
line conductors at strain towers and 71/, 
feet above at suspension towers. Before 
the installation of counterpoise, the average 
tower footing resistances were within one 
ohm of each other at 133 ohms and after the 
installation were again within the same limit, 
but at 9 ohms. The Holtwood-York line 
has been operating for three years since 
improvements were made, and has had an 
average of 2.9 outages per 100 miles of line 
per year. The Holtwood-Coatesville line 
has operated for only one year since im- 
provements were made, with one outage 
occurring, making an average of 3.4 outages 
per 100 miles of line per year. Although 
the limited period of operating experience 
makes it still too early to draw any conclu- 
sions, the similar behavior of these two lines 
indicates that the shielding provided by a 
single overhead ground wire may be better 
than heretofore has been believed to be the 
case. 

Examination of the data on the relative 
frequency of single-circuit and double- 
circuit outages shows that on those lines 
having a large number of double-circuit 
outages, the high values of tower footing 
resistance are probably the principal cause 
of the poor performance. 

The committee has not found any great 
dependence of performance upon insulation 
level. Perhaps a partial explanation of this 
conclusion is that the insulation level varied 
no more than about in the ratio of 5 to 3 
whereas the footing resistances varied as 
much as 20 to 1. Variations in the latter 
factor probably obscured any effects of 
variation in the former. Lewis and Foust 
pointed out in 1934 that flashover of shielded 
lines occurs only when the product of tower 
footing resistance and tower lightning cur- 
rent exceeds the insulation level of the line. 
Experience in ensuing years has shown this 
to be essentially correct, which establishes 
the close relationship between line insula- 
tion and lightning performance. 

When tower footing resistances are high, 
no reasonable amount of insulation will 
protect against flashover. Data from lines 
in this classification will show no effects of 
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line insulation upon performance. Analy- 
sis of some data available on 19 110-kv 
steel-tower lines, 787 miles long; 5 132-kv 
steel-tower lines, 263 mileslong; and9 110- 
kv wood-pole lines, 460 miles long, all with 
overhead ground wires, other than those 
given in the paper, shows a more definite 
benefit due to increased line insulation. 
In the 110-kv class, steel lines having six 
insulator units in strings showed an average 
of 40 interruptions per 100 miles of circuit 
per year, those with seven units showed 
10.9 interruptions, those with eight units 
had 5 interruptions, and those with nine 
units showed 2.2 interruptions. On 132-ky 
steel lines, those lines with 9 insulator units 
in strings experienced 21.1 outages per 100 
miles of circuit per year, those with 11 units 
showed 2.8 outages, and those with 12 units, 
2.1 outages. Thus, this study showed a 
decided benefit due to increased insulation 
on steel-tower lines, but the benefit is prob- 
ably more apparent than real, because no 
account was taken of variations in footing 
resistance when classifying the data. With 
wooden construction, the investigation 
showed that on 110-kv lines the outages 
per 100 miles of line per year were 3.7 with 
six insulator units, 7.3 with seven units, 
and 7.2 with eight units. Apparently the 
effect of the wooden insulation in series with 
the porcelain masks the effect of the in- 
creased number of insulator units, in addi- 
tion to any uncertainties introduced due to 
neglecting the effect of tower footing re- 
sistances. 

In conclusion 7 it is stated that arcing 
protection on insulator assemblies is desir- 
able to reduce line troubles. It would 
seem more logical on lines having overhead 
ground wires to use the money for improving 
grounding conditions, rather than for arcing 
protection, and thus greatly reduce the num- 
ber of flashovers. With modern high-speed 
switches, severe burning of conductors is 
rare. 

Line 3A in table II shows a considerable 
number of double-circuit outages but no 
single-circuit outages over a period of ten 
years. This behavior is most unusual and 
some reasonable explanation for it would be 
valuable. In this report the committee 
has tried to segregate the effect of the vari- 
ous means employed to reduce lightning 
outages on transmission lines. In making 
such a segregation the results of necessity 
must be more or less inconsistent as the 
three factors; overhead ground wires, in- 
sulation, and tower footing resistances, are 
interdependent. Each one is dependent on 
the other two for its proper functioning in 
this scheme of protection. 


E. W. Knapp (Shawinigan Water and Power 
Company, Montreal, Que., Canada): The 
committee responsible for the collection and 
preparation of the data incorporated in this 
paper are to be congratulated on the con- 
cise and clear manner in which the wealth 
of information has been presented. A study 
of the general situation brings to mind a few 
additional points which might prove of in- 
terest. 

The system which I wish to discuss con- 
sists of two double-circuit steel-tower lines 
86 miles long on the same right-of-way. 
The lines are operated at 110 kv, and have 
seven units of insulation. Lines A and B 
have two overhead ground wires while 
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Table I. 


Lightning Outages, 1929-1938, Inclusive 


Single Line Outages 


Double Line Outages 


Overhead No Overhead 
Ground 
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Ground Wire Ground Wire Total Wire Wire Total 
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lines C and D have no overhead ground 
wires. An analysis of the lightning out- 
ages during the past ten years reveals the 
data shown in table I of this discussion, 
based on outages per 100 miles of line per 
year. 

There are three points of special interest: 


1. The line farthest away from the overhead 
ground wires suffered the most lightning outages, 


2. The two lines without overhead ground wires 
suffered the greater number of double line outages. 


3. There was a greater percentage of double line 
outages on the lines with overhead ground wires, 
althougk the total outages were considerably lower. 


Philip Sporn and I. W. Gross: Mr. White- 
head’s method of analysis to determine 
lightning outages on existing lines is quite 
interesting, and if experience continues to 
bear out the close relation between actual 
and calculated values, it should be a method 
decidedly helpful in predetermining the 
lightning performance of new lines before 
they are actually constructed and placed in 
service, 

As Mr. Whitehead points out, the matter 
of shielding, that is, keeping lightning off 
the phase wires, is most important since it 
is quite apparent that no matter how low 
the tower footing resistance is, it will not be 
effective in preventing flashover if the stroke 
terminates on the line wires rather than the 
ground conductor. This subject well war- 
rants further study and confirming field 
data. 

Mr. Waldorf has drawn the conclusion 
(apparently based on figure 19) that “the 
behavior of lines having counterpoise is 
shown to be definitely superior to those 
having ground rods.” While this appears 
to be a reasonable deduction, if the data of 
figure 19 only are considered, it will be noted 
in referring to table II that only four of the 
lines out of some 150 have counterpoises 
throughout 30 per cent of their length or 
over. Mr. Waldorf’s 264 line, which has 
counterpoise for 93 per cent of its length, 
he reports as having no outages in four 
years. It will be noted that this line has 
an average structure ground resistance of 
11.4 ohms. On the other hand, line 212, 
which has counterpoise for 38 per cent of its 
length, with an average structure footing 
resistance of 10 ohms, shows 9.8 average 
outages per hundred miles of line per year. 
Line 15 J having ground rods only for 56 per 
cent of its length has an average structure 
resistance of 10 ohms and a yearly outage 
record of 0.9 per hundred miles of line. 
While it may be true that a reduction of 
tower footing resistance to a given level by 
counterpoises will result in less line outages 
than a similar reduction by the use of ground 
rods, it does not appear from the data which 
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have been presented in table II that such a 
conclusion is wholly justified. 

The specific cases mentioned by Mr. 
Waldorf, one where two ground wires were 
used and one where only one was used in- 
dicating the same relative order of line per- 
formance, he has interpreted as indicating 
that one single overhead ground wire may 
be giving far better shielding than generally 
believed. The summarized data in the 
paper tend to lend weight to this point of 
view, although as pointed out in the paper, 
the data in many cases are not complete 
enough to show definitely the influence of 
other factors such as number of insulators, 
line spacing, lightning territory, etc. 

The citation by Mr. Waldorf of outages 
on steel-tower lines as affected by the num- 
ber of insulator units tends to show some 
benefit by increasing the number of units 
from six to nine. This, of course, is an in- 
crease in insulation of 50 per cent between 
extreme limits of insulation. As he has 
clearly pointed out, it is necessary to take 
into consideration all of the lightning pro- 
tective features of the line before definite 
conclusions can be drawn on the merits 
of any one influencing factor. An attempt 
to analyze data of this kind, as well as that 
given in table II of the paper, requires a 
rather detailed study of many of the line 
characteristics before any hard and fast 
conclusions can be drawn. 

Mr. Waldorf suggests the improvement 
of ground resistance on a line with over- 
head ground wires, in place of supplying 
arcing protection, and we are in thorough 
agreement with this statement where mod- 
ern, high-speed breakers clear the fault; 
and, in fact, in recent lines on our own 
system, we have eliminated the arcing pro- 
tection where high-speed breakers are used. 
Where slow line relaying, however, still 
exists or is a necessity as a result of system 
operation, arcing protection may still be 
desirable. 

In referring to line 34 in table II, we are 
inclined to believe that the absence of single- 
circuit outages in the reported figure of 35.5 
outages per hundred miles of line per year 
is due to the absence of a breakdown of the 
total outages for the ten-year period. The 
figures are reported as received, but, as 
pointed out by Mr. Waldorf, they may well 
be questioned. 

In conclusion, it is not expected in at- 
tempting to analyze the mass of data such 
as given in table II that all the various 
factors can be definitely evaluated. It was 
the hope of the committee in submitting 
this report to collect sufficient authentic 
data on a large group of lines in the country 
so that careful analysis might show the 
trends in the construction and the general 
experience in the operation of such lines 
under lightning conditions, 
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Industrial Notes 


Capacity of U. S. Water Power Plants.— 
The total installed capacity of water power 
plants of 100 or more horsepower in the 
United States and outlying territories on 
January 1, 1939, was 18,093,726 horse- 
power, according to a recent announcement 
of the Federal Power Commission. The 
United States total was 17,948,906 horse- 
power, an increase of 4 per cent over the 
previous year. The report shows that 88 
per cent was installed in electric utility 
plants and the balance in industrial and 
miscellaneous plants. 


Large Turbine Contracts Awarded.—The 
Federal government has recently awarded 
contracts amounting to $1,843,200 to the 
Allis-Chalmers Mfg. Co. for power ma- 
chinery, including 4 turbines of 103,000-hp 
capacity, to be installed at Shasta Dam of 
the Central Valley (Cal.) reclamation proj- 
ect. A contract for two smaller turbines 
was awarded to James Leffel & Co. of 
Springfield, Ohio, for $68,055. 


Okonite Promotions.—Charles M. Kirkland 
was recently elected secretary of The 
Okonite Co., at Passaic, N. J., and the 
Okonite-Callender Cable Co., Paterson, 
N. J. He was formerly engaged in sales 
work with the company in the Chicago 
territory. F. J. Dahleiden has been ap- 
pointed manager of the newly established 
Okonite district office in the National 
Building, 1404 E. 9th St., Cleveland. He 
was formerly sales engineer in the Chicago 
territory. 


Power Sales Increase in N. J.—Improve- 
ment in industrial conditions in the first 
four months of this year, as compared with 
the first four months of 1938 is indicated by 
the increased consumption of electric power 
and gas fuel by manufacturing and other 
business enterprises in the New Jersey terri- 
tory served by Public Service Electric & 
Gas Co. Electric power sales increased 
16.26 per cent and sales of gas for industrial 
uses were up 13.5 per cent. The company 
furnishes electric power to 94 per cent of all 
industries in its territory. 


Increased Appliance Sales.— Household 
washer shipments in April continued their 
advance over 1938, aggregating 116,199, or 
22.11 per cent more than the total, 95,158, 
reported for the same month a year ago. It 
was the sixth consecutive month showing 
an increase above the same period a year 
before. April ironer shipments totalled 
9,047 compared to 7,111 a year ago, an 
increase of 27.23 per cent. Ironers shipped 
in the four months were 36,878 compared 
to 37,628 in the same period of 1938. 


Cramer Company Moves to Connecticut.— 
The R. W. Cramer Co., Inc., formerly 
located at 67 Irving Pl., New York Crave 
has moved into its new plant located in 
Centerbrook, Conn. A New York sales 
office in charge of R. C. Heyl, a vice-presi- 
dent of the company, will be retained at the 


§ 


old location. This company has been for 
many years the United States distributors 
of Sauter time switches, a Swiss product. 
In the new plant they will also manufacture 
the Cramer running time meters and a new 
complete and diversified line of electric 
timers. 


Walker Electrical Co. Appointment.—T. J. 
Fleischer, formerly connected with the 
Crouse-Hinds Co., has been appointed 
general sales manager of the electrical manu- 
facturing division of the Walker Electrical 
Co., Atlanta, Ga. The conipany is erecting 
a new plant in Atlanta’s northside section, 
for the manufacture of a complete line of 
outlet boxes and accessories. 


New Plant for Carboloy.—The new $750,000 
plant and general offices of the Carboloy 
Conmincs wea tae Detroit Mich., a General 
Electric subsidiary, was formally opened on 
June 1 for the manufacture of masonry 
drills for drilling holes in all non-metallic 
construction materials and other cemented 
carbide products. This new structure, the 
largest cemented carbide plant in the United 
States, embraces a total area of 121,750 
square feet. 
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Varnished Insulation.—_Bulletin, 28 pp. 
Describes varnished cambric and tape of 
various types; varnished insulating silk, 
paper, canvas and duck, tubing, fiberglas, 
transformer leads, etc. Irvington Varnish 
& Insulator Co., Irvington, N. Je 


Tong Test Ammeter.—Bulletin 400, 6 pp. 
Describes the various types of Crompton 
Tong Test ammeters for instant a-c or d-c 
current measurements on bare or insulated 
conductors without breaking the circuit. 
Columbia Electric Mfg. Co., 4525 Hamilton 
Ave., N.E., Cleveland, O. 


Measuring Bridge.—Bulletin 620. Describes 
the “Dwarf”? measuring bridge for measur- 
ing resistance in the field, factory and labo- 
ratory. Advantages include a wide range, 
simple manipulation, high sensitivity and 
light weight. Herman H. Sticht & Cos 
27 Park Pl., New York, N. Y. 


Insulated Cables.—Bulletin 2007 A, 8 pp. 
Describes the advantages and applications 
of “Okolite’” insulated cables for high 
voltage circuits; includes comparative 
curves of the operating efficiency, greater 
load carrying ability and moisture-resist- 
ance. Additional data is given on installa- 
tion methods, tests and available designs. 
The Okonite Co., Passaic, N. J. 


World’s Fair Automatic Substation.—A — 
bulletin (No. 3905) issued by the I-T-E 
Circuit Breaker Co., 19th & Hamilton Sts., 
Philadelphia, Pa., describes the new, com- 
pletely automatic World’s Fair substation 
of the Interborough Subway System, New — 
York City. Included is a colored map of 
transportation routes, both rail and road 
from the metropolitan area to the World’s 
Fair; also an invitation to all Fair visitors 
to participate in inspection trips to the new 
substation. 


Plastics.—Bulletin 1518 B, 16 pp., “A Busi- 
ness Man’s Guide to Modern Plastic Mate- 
rials.’”’” Profusely illustrated, this bulletin 
covers the wide applications of Bakelite’ 
molding and other materials throughout all 
industries, including the electrical field. 
Bakelite Corp., 247 Park Ave., New York. 


Wood Preservation Equipment.—Bulletin 
1834, 32 pp., ‘“Machinery for Wood Preser- 
vation.” Outlines the history of wood 
preservation, types of preservatives used in 
modern treatment, methods and processes, 
and types of machinery used. Allis-Chal- 
mers Mfg. Co., Milwaukee, Wis. 


Concrete for Buildings.—Bulletin, 40 pp., 
“Concrete for Industrial Buildings and 
Garages.”” Contains a comprehensive de- 
scription of structural layouts and details, 
mechanical installations, and alterations in 
concrete buildings. Numerous drawings, 
sketches and photographs are included. 
Portland Cement Association, 33 W. Grand 
Ave., Chicago, Ill. 


Recording Voltmeter.—Bulletin 538. De- 
scribes a new, round-chart, portable record- 
ing voltmeter, built especially for survey 
work. A self-contained instrument en- 
closed in a waterproof case, it is designed 
for indoor or outdoor service and equipped 
for adjustable mounting legs for pole or 
wall mounting. The Bristol Co., Water- 
bury, Conn. 


Motor Maintenance Equipment.—Catalog, 
84 pp. Describes a complete line of port- 
able equipment for maintenance of com- 
mutators and slip rings; motor repair equip- 
ment; variable speed transmissions; clean- 
ing equipment; soldering tools; testing and 
recording devices, etc. Sections are de- 
voted to care of electrical equipment of 
various types, electrical terms, wire tables, 
etc. Ideal Commutator Dresser Co., Syca- 
more, Ill. 


Testing Equipment.—Catalog AEll-a. De- 
scribes a new “Hipot” insulator and bushing 
tester for testing by the voltage gradient 
method and which indicates location as 
well as extent of faults. The improved 
device employs a more sensitive instrument, 
has a changeover switch for high and low 
voltage, special prongs and leather carrying 
case. Catalog AE11-b covers new appli- 
cations of the “Hipot”’ Potential Indicator, 
which includes furnishing a continuous line 
to ground voltage indication; use as an 
indicator of synchronism or to synchronize 
two or more lines; for operating relays for 
signal purposes; and line to ground fault 
indication or relaying. Roller-Smith Co., 
Bethlehem, Pa. 
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MIGHT BUY MANY CONTROL GAPS 


ID YOU ever figure up what lightning costs 
each year? If so, you know that the bill is 
usually a staggering one. Just a single stroke 
might cost thousands of dollars, should it 
damage apparatus of high rating. And to this 
bill for labor and materials would be added the 
loss of revenue and good will from a service 
interruption. Costly, yes, but you now have a 
device which may strike “‘lightning” from your 
expense ledger altogether—the O-B control gap. 
Fast as lightning itself, eliminating dangerous 
over-voltages by permitting unrestricted flow of 
surge current after gap flashover, adjustable to 
the voltage, time and polarity of the protected 
equipment, and performing satisfactorily in any 
weather, O-B control gaps provide positive pro- 
tection against lightning and other over-voltage 
surges. Instead of paying for lightning repairs, 
why not buy these inexpensive gaps. You could 
probably equip all of the vulnerable spots of 
a station for what a single stroke would cost! 


OHIO @ BRASS 


MANSFIELD OHIO; U.S. A. 


Canadian Ohio Brass Co., Ltd., Niagara Falls, Ont., Canada 
2066-H 
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Five sizes of O-B control gaps 
are available, for protecting 
equipment from 33 to 161 kv. 
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Among other WESTON multi-range instruments are 
the Model 665 Volt-Ohm-Milliammeter.,. Model 763 
Ohmmeter with resistance spread 1 ohm to 300 meg- 
ohms (6 ranges) ... Model 663 Volt-Ohmmeter... 
and Model 764 Capacity Meter covering measure- 
ments from .00005 to 100 mMicrofarads, 
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Here’s an instrument that quickly pays for itself in any plant... 
because of the wide variety of jobs it will do. When not busy on 
trouble-shooting, it can be used for the inspection of purchased 
parts... for check-ups on plant equipment... for standardization 
studies or research work. It fits the assembly line, too; especially 
where runs are short, and circuits subject to change. And many 
other test requirements are fully met by this flexible, multi-range 
instrument... keeping it active... earning ... throughout every 
working day. » » » Complete information on this Model 765 and 
other equally flexible WESTON multi-range instruments is avail- 
able in bulletin form. Write to Weston Electrical Instrument 
Corporation, 644 Frelinghuysen Avenue, Newark, New Jersey. 
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”...for you and your 
family at the New 
York World’s Fair! 


WHEN YOU COME, BE SURE TO | 
VISIT THE ROEBLING EXHIBIT! 
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TO YOU and your family .. . a hearty invitation to visit the Roebling Exhibit 

at the New York World’s Fair! 

No matter what your business activity .. . engineering, contracting, mining, rail- 

roading, manufacturing, building management or what-not . . . you will find that 

this Roebling Exhibit is designed specifically to interest you—to help make your 

visit instructive and keenly enjoyable. 

Action every moment! Mining, construction, dredging and other industrial opera- 

tions in full swing! All in miniature .. . with excavating, hoisting, and conveying 

equipment incredibly exact in detail. Even the tiny wire ropes and cables are 

exact duplicates of their full-size counterparts! 

So come... you and your family. We will give you a royal welcome. And remember: 

_.. we are in the Metals Building, directly in front of the Trylon and Perisphere 
JOHN A ROEBLING’S SONS COMPANY, TRENTON, N. J. 


ae aoe WIRE ROPE & FITTINGS © ELECTRIC WIRE § 

” alt: at Roebling Passenger Tramway I 5 > ; 
Ne ee ei acesoty wae bi ae eras he put io nae CABLE FLAT WIRE WOVEN WIRE FABRICS 

WELDING WIRE © OTHER WIRES & WIRE PRODUCTS 


blueprints so engineers can study the construction details.’’ 


“THAT, MY DEAR, is the world’s largest dredge, the “THIS WILL INTEREST YOU, JOHNNY . . . 2 whole village in mini- “WHILE MARY AND JOHNNY ARE RESTING, suppose 
Crest iitve cm her—and this replica sure looks ature. See, there’s a school, a church, a fire house, some and I look over this interesting exhibit of Roe 


natural. Why, it’s identical with the original, down 
to the last boom line and hoisting rope!’’ 


Products. There are more of them in the other rot 


stores—eyen a water tower and a railroad station. And look... 
at the opposite end of the exhibit.”’ 


here comes the train!”’ 


[REET LIGHTING 
CABLE 


No matter what the installation or service 


conditions may demand, the correct cable 


is available from the complete line offered 


by General Cable Corporation, 


STEEL THIOKOL*® RUBBER 
ARMORED SHEATHED SHEATHED 


*Trade-Mark Thiokol Corporation 


GENERAL CABLE. 


General Cable Corporation Sales Offices: ATLANTA + BOSTON + BUFFALO +» CHICAGO . CINCINNATI 


* CLEVELAND + DALLAS . DETROIT 
KANSAS CITY (MO.) » LOS ANGELES « NEW YORK - PHILADELPHIA + PITTSBURG 


H + ROME (N.Y.) »* ST.LOUIS » SAN FRANCISCO «+ SEATTLE » WASHINGTON (D.C.) 
4 Please mention ELECTRICAL ENGINEERING when writing to advertisers JUNE 1939 


IN THE BIG LEAGUE”... 


OR IN THE “BUSHES” 


Youll find Amerclad Cords and Cables 
Doing the Important Jobs 


El 


HE Amerclad Dredge Cable illus- 
trated here is the biggest of its kind in 
the world. Its job is to deliver power to the 
huge floating dredges used in the construc- 
tion of the Sardis Dam—an important U. 8. 
Government Flood Control Project. 
Today all jobs are important, whether big 
or little. And all along the line you will find 
Amerclad Cords and Cables doing big and 
little jobs efficiently and economically. 


ONE-FOURTH ACTUAL SIZE 


THIS AMERCLAD CABLE, rated at 13,200 
volts, contains three insulated conductors, each 
500,000 c.m., and three ground wires, each No. 
4/0 A.W.G. flexible copper strand. It weighs 
nearly 18 pounds per foot and has an outer 
diameter of 414”. Each of the insulated con- 
ductors is electrically shielded by a braid of 
tinned copper wires. Between the rubber in- 
sulation and copper braid, in intimate contact 
with both, is a fabric tape specially treated to 
provide a semi-conducting layer. 


AMERCLAD 
tll Rulbet 


CORDS & CABLES 


The outstanding features offered by 
Amerclad Cords and Cables are their rugged 
toughness, light weight and flexibility. An 
outer sheath of resilient “tire-tread” rubber 
protects the insulation from damage. Amer- 
clad Cords and Cables are 
available in a wide range of 
types and constructions. 
Full details will be sent 
to you upon request. 


DEQUATE 
IRING 


SERVES 
SAVES 
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PARKWAY CABLES 


AMERICAN STEEL & WIRE COMPANY 


and New York 


United States Steel Products Company, New York, Export Distributors 


June 1939 


Please mention ELECTRICAL ENGINEERING when writing to advertisers 


Ne) 


“Yessir, I helped string it across your farm. The 

line’s seen plenty of tough weather since then, 

too, and it’s good for another twenty years. Your new 
line’ll certainly be all right with the same stuff in it.” 
Trust the judgment of men who must face year “round 
weather. A.C.S.R. lines have what it takes to stand up 
under adverse conditions — scorching summers, severe 
winters, sleet storms and high winds. This has been proved 
on thousands of miles of line, for more than 25 years. 
A.C.S.R. has the high strength which permits long span 
construction with high safety factors. It provides the 
conductivity needed for future growth of load. Because 
it is highly resistant to corrosion, long life is assured. 
A.C.S.R. construction standards assure low building costs 
and a minimum of maintenance. ALUMINUM COMPANY OF 
AMERICA, 2149 Gulf Building, Pittsburgh, Pennsylvania. 
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‘Roller-Smith Announces 


2 NEW DEVICES 


*HIPOT” INSULATOR AND 
BUSHING TESTER 


The ideal equipment for testing insu- 
lators and transformer and oil cir- 
cuit breaker bushings by the voltage 
gradient method. Range is 13,200 to 
220,000 volts. 


over the power factor method, chief 


Has many advantages 


of which is indicating location as well 
as extent of fault. 


New Catalog AE-Ill-a gives the de- 


tails. Send forit. Use the Coupon Below. 


TYPE C RELAY, TWO POLE, TRIP-FREE 


Company 


Address ... 


“HIPOT’’ INSULATOR AND BUSHING TESTER 
With Accessories and Leather Case 


TYPE C CONTROL RELAY 


The Type C control relay has many ap- 
plications, chief of which is for insertion 
between the contacts of a control switch 
or push button and the operating solenoid 
of an electrically operated air or oil cir- 
cuit breaker or other apparatus. Avail- 
able for a-c ord-c. Trip-free or non-trip- 
free. Very rugged. No a-c hum. All 
parts accessible. Simple control wiring. 


New Catalog AE-12 gives the details. 


Send for it. Use the Coupon Below. 


) Cat. AE-ll-a on ‘‘Hipot” Insulator and Bushing Tester. 


O Cat. AE-12 on Type C Control Relay. 


Agencies in Principal 


Sales 
JUNE 1939 


Cities: o11 


Umited States and Canada 
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Disconnecting Switch.—In this new single 
pole, double blade, tandem throw, 15-kv, 
600-ampere discon- 
necting switch, de- 
signed by the Delta- 
Star Electric Co., 
Chicago, the inside 
lock, combined with 
a common hinge and 
contact member at 
the center insulator 
unit, results in 
shorter blades and 
decrease in width of 
the current carrying 
parts. Both factors 
are important when 
switches are used in 
cubicles, cell struc- 
tures and other re- 
stricted places, where 
available striking dis- 
tance between the 
open switch blade and cell doors is limited. 
The tongue type contacts are of the line 
pressure type with full floating blades, plain 
or silvered as desired. At the hinge end of 
the blades are annular pressure rings. The 
steel base is equipped for mounting on 
either flat surface or 1!/;-inch pipe frame. 


Indoor Circuit Breaker.—A new indoor oil 
circuit breaker, widely applicable to central 
station and industrial service, has been intro- 
duced by the Boston works of the Allis- 
Chalmers Mfg. Co. Designated as type 


KDZ-40, the breaker is of particular interest 
because its horizontal axis (a line drawn 
through the center of each pole) is perpen- 
dicular to the operating mechanism, This 
arrangement of the bushings eliminates the 
necessity of crossing the leads in certain 
applications of open and enclosed type 
switchboards. For the same reason, it is 
adaptable for replacing obsolete breakers of 
the same arrangement, as existing bus and 
feeder connections may be retained. The 
type KDZ-40 is equipped with “Ruptors” 


12 


to give efficient interruption of short circuits 
along with low arc energy, low pressure and 
a minimum of oil deterioration. It is fur- 
nished for 600 and 1200 amperes at 15 kv 
and 2000 amperes at 7.5 kv; interrupting 
capacity rating 100,000 kva; arranged for 
flat surface mounting—in cells, switch- 
houses, cubicles, metal-clad switching equip- 
ments, etc. 


Connectors.—The Burndy Engineering Co., 
459 East 133rd St., New York City, has 
announced a line of Hood-Nut connectors 
for use with rubber or compound insulated 
cables at points where these conductors are 
joined to other types of cable or to switches, 
cutouts, etc. In using these connectors, 
taping is done from the shroud of the nut 
to the rubber insulation of the cable. In 
this manner, moisture is prevented from 
entering between the insulation and the 
conductor, thereby prolonging the life of 
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the insulation. The braid is peeled back 
beyond the tape to avoid “wick effect” 
which might draw up moisture beneath the 
tape. In addition to terminal type ZAK 
illustrated, Hood-Nut connectors are also 
furnished in the form of T-connectors, 
straight connectors and in special forms. 


Gear Motor.—A new vertical “Syncro- 
gear’”’ unit type GDV, has been specially 
designed by U. S. Electrical Motors, Inc., 
Los Angeles, Calif., to meet conditions pe- 
culiar to vertical operation. The unit 
incorporates a small, geared, oil pump, which 
forces an ample oil supply to bearings, gears 
and pinions. 


Wire Wound Resistors.—A new line of wire | 
wound resistors has been made available 

by Consolidated Wire & Associated Corps., 
548 So. Peoria St., Chicago, Ill. Four sizes 
of adjustable resistors are offered—10-watt, 


25-watt, 50-watt, and 75-watt, of which the 
10- and 25-watt sizes are shown with extra 
adjustable bands. Four sizes of wire wound 
fixed resistors are offered—5-watt, 10-watt, 
20-watt, and 50-watt—to fill most require- 
ments for receivers, transmitter, amplifier 
and industrial applications. Two mount- 
ing brackets are supplied on all but the 
10-watt size in the adjustable resistors. All 
four sizes have two tab terminals. All four 
sizes of fixed resistance units have solder lugs 
and all but the 50-watt size have tinned 
copper leads as well. 


THIS “Headache” 
WAS QUICKLY CURED 


At first glance this insulator looks terribly 
complicated. But in reality it simplifies the 
design of the product for which it is a part. 


If you're wondering how to simplify your 
manufacturing and reduce assembly cost 
— look to Insulator Headquarters and let 
Universal plan a design with you. Universal 
“Dry Process” porcelain insulators have no 
comparable equal in quality, especially 
where dimension limitations are impor- 


tant. Samples to your specifications gladly 
supplied. 


THE UNIVERSAL 


CLAY PRODUCTS Co. 
1360 E. FIRST ST. 


ANDUSKY e OHIO 


ELECTRICAL ENGINEERING 
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STANDARD OF THE Wor, 
ry) 


TRADE MARK 


A Guarantee of Dependable Insulation 


¢ Varnished Cambric and Tape 


Black or Yellow—Straight or Seamless Bias 
e Varnished Canvas and Duck 
e Varnished Silk 
e Varnished Paper 
e Varnished Fiberglas 
e Varnished Tubing 


e Slot Insulation 


*T ry-o-slot” —*“Duro-Irv-o-Slot’”’ 
¢ Insulating Varnishes 
e“Harvel” Oil Stop 


e’“Cardolite” Resins 


Descriptive literature upon request 


Irvington Varnish and Insulator Co. 
IRVINGTON, N. J., U.S.A. 


* Trade Mark 
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@ Electrolytic capacitors of all 
¢ anand mounting types for high- 
capacity intermittent starting 
service. Generous proportions. 
Cool operation. Longest life. 


@ Oil-filled Paper capacitors 
in various can and mounting 
types for continuous service 
in motor applications, and for 
power-factor correction. 
Generous proportions. Cool 


operation. Longest life. 


@ AEROVOX pioneered the high-capacity 
moderate-cost electrolytic capacitor for 
motor-starting functions. Indeed, AEROVOX 
has supplied the bulk of such capacitors now 
in use. Unparalleled experience, skill and 
production facilities (four-fold increase in 
new plant compared with former Brooklyn 
plant) are at your disposal. 


SUBMIT THAT PROBLEM .. . 


If you have a motor-starting or any other 
capacitor application, tell us about it and our 
engineers will collaborate with suggestions, 
samples, quotations, specifications. Mean- 
while, be sure you have our latest catalog. 
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Here’s Where 
Good Steel Sheets 
Show Up! 


ree your dies still sharp, accurate, and clean-punching 
after a tough day on the punch press? 

If not, if they have to be reground or renewed at too- 
frequent intervals, it is probable that the answer js in the 
steel sheets. 

Not so long ago we told an electrical manufacturer this, 
and he scoffed at the idea. “Besides,” he said, “our specifica- 
tions call for a high-silicon steel, and everybody knows that 
means tough punching.” But his curiosity was aroused, and 
he ordered a sample shipment of U-S-S Electrical Sheets, 
of the right grade and gage. 

With the new sheets, die life immediately jumped up 50 
per cent. Laminations came out of the press cleaner, free 
from burrs, saving time on stacking and gaging. And elec- 
trical tests on cores produced with these sheets showed more 
consistent electrical characteristics. 

When it’s a question of electrical steel sheets, call the man 
from Carnegie-Illinois. He can promise no miracles, but of 
this you can be sure: The man from Carnegie-Illinois will not 


rest satisfied until every problem connected with silicon-steel has 
been solved to your best advantage. 


U5) ELECTRICAL STEEL SHEETS 


CARNEGIE-ILLINOIS STEEL CORPORATION, Pittsburgh and Chicago 


Columbia Steel Company, San Francisco, Pacific Coast Distributors 
Scully Steel Products Company, Chicago, Warehouse Distributors 
United States Steel Products Company, New York, Export Distributors 
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mats 


NEW 


LOGARITHMIC 
BEAT-FREQUENCY 


OSCILLATOR 


Type 713-B 


Price 


$485.00 


THE NEW Type 713-B Beat-Frequency Oscillator has a frequency range 
of 10 to 40,000 cycles. The extended upper limit is supplied 
general-purpose laboratory measurements and for the supersonic field. 


for both 


This oscillator is equipped with a direct-reading logarithmic frequency 


scale calibrated from 20 to 20,000 cycles. 


The dial upon which this scale 


is engraved may be equipped with a gear to drive a recorder using 


logarithmic or semi-logarithmic paper. 


FEATURES 


1. WIDE FREQUENCY RANGE...........-.-- 10 to 40,000 cycles 
mm ELL Le Aa eer DEA Net ccousy wre. 2 ene Sie gpertensle ee between 20 and 20,000 cycles 
Be GOOD Oil PAU semis vers 2 _.. one watt with less than 2% distortion 
ZZ) BALANCED-FO-GROUND OUTPUT. 5-53 eas en. Sete Sear ee 
“e ate with three output impedances: 50, 500 and 5000 ohms 

5. VERY LOW DISTORTION... less than 0.2% on low output range 
6. A-C OPERATION eae _.........hum level below 0.1% 
PRICE: Type 713-BM Cabinet Model...... $485 . 00 
Type 713-BR Relay-Rack Modells eneee $510.00 


e Write for Bulletin 133 for Complete Data 


GENERAL RADIO COMPANY 


MANUFACTURERS of RADIO and EL 


JuNE 1939 


Cambridge, Massachusetts 
BRANCHES: NEW YORK AND LOS ANGELES 
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ECTRICAL LABORATORY APPARATUS 
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OT 


PHASE 


COMPARISONS 


@For the comparison of voltage and current phase relationships in all 
power and communication circuits, the Du Mont Type 185 Electronic 
Switch used in conjunction with Type 175 Cathode-Ray Oscillograph, 
offers the only means available for the simultaneous observation and 
comparison of two phenomena on a single oscillograph screen. 


Independence and freedom 
from interaction of the two 
channels are shown in this 
actual oscillogram Illustrates 
ability of the Type 185 in- 
strument to handle a saw- 
tooth and sinusoid at same 
time, and to make them 
appear on one oscillograph 
screen. 


Actual photo showing com- 


parison of two harmonically 
related signals on one oscillo- 
graph, using electronic 


switch, Patterns may be dis- 
placed as shown for indi- 
vidual observation. 


ALLEN B. DU MONT L 


PASSAIC | 


CABLE ADDRESS—WESPEXLIN, NEW YORK 


ELECTRONIC SWITCH 
Type 185 


@Switch rate variable from 6 to 2000 times per second, 
Handles extremely low- and high-frequencies. Permits 
superimposed patterns for matching or accurate compari- 
sons, or the displacement of patterns of simultaneous 
Phenomena for close observation of either one. Also 
provides square-wave generator, completely covering the 
range from 60 to 400 cycles, per second. 


CATHODE-RAY 
OSCILLOGRAPH Type 175 


@This new instrument incorporates many new and im- 
portant advances in cathode-ray oscillography in a single 
portable instrument for use in laboratory, shop and field, 
In two models: Type 175 for study of high- and low- 
frequency recurrent phenomena; and Type 175-A with 
control circuits added to saw-tooth oscillator, permitting 
single-sweep control of horizontal deflection. Provided 
with exclusive Du Mont Intensifier-Type Cathode-Ray 
Tube, thereby combining extended Operating range and 
remarkably low cost. 


Write for DATA . . 


Ask for forms 75-1 and 
85-1. Do not hesitate 
to submit your problems 
for our engineering 
collaboration. 


RATORIES, INC. 


NEW JERSEY 
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VERRANTI ELECTRIC, ° 
EW ORK CITY. 


FERRANTI 


ELECTROSTATIC 
VOLTMETERS 


\AJHERE accurate voltage 

measurements are required 
in high impedance circuits, the 
Ferranti Electrostatic Voltmeter 
has a multitude of applications. 
Up to 3500 volts these instru- 
ments can be directly connected 
to either A. C. or D.C., and are 
absolutely independent of wave 
form, frequency and tempera- 


FEATURES 


* Zero Consumption 


* Magnetic Damping 


Self-contained Over- 
voltage Protection 


Reading 20 to 25,000 
Volts 


A. C. or D. C. up to 
* 3,500 Volts 


Flush, Projecting and 
Portable Types 


214-inch, 314-inch and 


*  4-inch Dials ture. 
Single, Dual and Triple Send for New Illustrated 
x Ranaet Bulletin 


FERRANTI ELECTRIC, INC. 


30 Rockefeller Plaza New York City 


MR. A. L. LINK 


in the 
BUFFALO 
AREA 


Mr. Link will be glad to 
explain in detail the new “Seal- 
Off" wiring compartment and 
safety jack incorporated in the 
Silver Anniversary design of the 
Rowan 780-KBF Oil Immersed Combination Line Starter 
and Safety Disconnect Switch for A. C. motors. 


BUFFALO OFFICE 
50 Fruehauf Street 
Snyder, New York 


Phone 
University 3096 
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EW INDEX 
of the AIEEE TRANSACTIONS 
| from 1922 to 1938 Inclusive 


e 
4 


A new cumulative Index, covering the papers and discus- 
sions published in the AIEE TRANSACTIONS from January 1, 
1922 to December 31, 1938, is now available for distribution. 
This new compilation constitutes the fourth in a series of pub- 
lished volumes of indexes to the technical papers and related 
discussions that have been published by the Institute since 1884. 


No effort has been spared in making this new volume: of 
maximum serviceability to its users. It contains generous mul- 
tiple entries. It has been composed in much larger type and with 
more generous spacing than is commonly used for index pur- 
poses. It has been arranged for convenience in use, and is printed 
on special, heavy strong paper of the “easy reading” tint that has 
proved so successful in ELECTRICAL ENGINEERING. Sturdily 
bound in green cloth to match the TRANSACTIONS—and for 
durability stamped in genuine gold leaf—this Index volume 
contains 160 TRANSACTIONS-size pages, 854 x 1114 inches. 


For convenience, the volume is divided into two sections: 


1. Subject Index. Arranged alphabetically, the more than 
9,000 entries in this section provide multiple references to every 
technical paper and related discussion published during the 
17 years covered by the Index. The title of each technical paper 
has been entered under every significant word in the title and 
has been given certain additional listings such as the subject 
name of the technical committee responsible for the review and 
recommendation of the paper. Thus, a searcher may effectively 
approach a desired reference through any of several key words 
associated with the subject matter of the item sought. 


2. Author Index. Every author or co-author of a technical 
paper or discussion published in the TRANSACTIONS during 
the 17 years covered by the Index is listed alphabetically in this 
section. The 11,000-odd entries give direct page reference to 
each paper and each published discussion. 


Not only is this new Index volume nominally priced at 


$2.00 per copy, postpaid 


but, in addition, a FREE COPY of the cumulative Index volume 
for 1911-21 inclusive will be included with the new Index; to 
avoid bookkeeping expense, a remittance with the order is 
requested. Here is an opportunity to get 28 years of indexes 
for $2.00, for those who act promptly. 
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USE THE COUPON 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
33 West 39th St., New York, N. Y. 


Please send me.a copy of the new AIEE Transactions Index, for which 


I enclose remittance of $2.00 (nenmember price $3.00 with usual library 
copy of the 1911-1921 Index. 


and dealer discounts); also, include a free 


Name ... 


Address 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
New York City 


33 West 39th Street 


a 


Please mention ELECTRICAL ENGINEERING when 7 


18 


Professional Engineering 


| Directory 


BLACK & VEATCH 
Consulting Engineers 


Water, Steam and Electric Power Investi- 
gations, Design, Supervision of Construc- 
tion, Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


FRANK F FOWLE & CO. 
Electrical and Mechanical 


Engineers 


35 East Wacker Drive CHICAGO 


FREDERICK S. GILLER 


Mem. A.I.E.E., A.S.M.E., I.S.E., RI. 
International Business Consultant 


Advisor and Representative for American 
Businessmen in Great Britain 
Advantageous European Connections 
Englishman, Americantrained. References 


“Fairseat,” Hextable, Kent, ENGLAND 


JACKSON & MORELAND 
ENGINEERS 


Public Utilities—Industrialg 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


Z. H. POLACHEK 


Reg. Patent Attorney 
Professional Engineer 


PATENT—TRADE MARK SPECIALIST 
Individual or Yearly Basis 


1234 Broadway Phone 
(At 31 St) NEW YORK Longacre 5-3088 


SANDERSON & PORTER 
ENGINEERS 


FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


of 
INDUSTRIALS and PUBLIC UTILITIES 


Chicago New York San Francisco 


Professional services over a 
wide range are offered by 
these cardholders. 


Consult the directory when in 
need of specialized engineer- 
ing advice. 


SARGENT & LUNDY 


Incorporated 


ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


GEORGE T. SOUTHGATE 


ELECTRICAL AND 
THERMAL ENGINEER 


Consultant in 
Apparatus, Process and Patent Matters 


Office and Laboratory 


114 East 32nd Street NEW YORK 


A card here will keep your 
name and specialized service 
constantly before 20,000 
readers of this publication. 


HOWARD S. WARREN 


Consulting Electrical 
Engineer 


420 Lexington Ave. NEW YORK 


THE J. G. WHITE 
ENGINEERING CORPORATION 


Engineers—Constructors 


Oil Refineries and Pipe Lines, 
Steam and Water Power Plants, 


Transmission Systems, Hotels, Apartments, 
Offices and Industrial Buildings, Railroads 


80 BROAD STREET 


NEW YORK 


J. W. WOPAT 


Consulting Engineer 


TELEPHONE ENGINEERING 
Construction Supervision 
Appraisals—Financial 
Rate Investigations 


303 East Berry St. Fort Wayne, Indiana 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 
Appraisals Construction Rate Surveys 


lans Organizations Estimates 
Financial Investigations Management 


105 West Adams St., Chicago 
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Employment 


Bulletin 


Engineering Societies Employment Service 


MAINTAINED for their members by the national So- 
cieties of civil, mining, mechanical, and electrical 
engineers, in co-operation with other organizations. An 
inquiry to any of the three offices will bring full information. 

A weekly bulletin of engineering positions open is 
available to members of the co-operating societies at a 
subscription of $3 per quarter or $10 per annum, payable 
in advance. 

In the interest of effective service, it is essential that 
members using the employment service keep the bureau 
office serving them advised at reasonable intervals con- 
cerning their availability for employment, concerning any 
change in status, and immediately upon acceptance of any 
employment. 

Employers interested in the following announcements 
should address replies to the key numbers indicated, and 
mail to the New York office. 


Men Available 


B.S.E.E., 36, single; 6 mos elec wiring des large 
State bldg, 8 yrs Westinghouse as fan motor engr, 
test, draftg; 2 yrs electrician, 2 yrs mech draftsman, 
2 yrs city planning. E-460. 

B.S.E.E., married, 34, Univ of Wash, ’30, with 
honors. Exper: 61/2 yrs tel eqpt devpmt, 21/2 yrs 
water supply and pressure irrigation systems. De- 
sires eqpt application work, E-464. 


M.E. in E.E., 1911, O.S.U., licensed in 4 States. 
Varied responsible engg constr and oprtg exper 
gained with 4 large util. Specialized distr, transm, 
substations. Desires pos as engr or supt. E-456. 


ELEC ENGR, 44, married. Exper all kinds 
tests, installing apparatus, maintenance network 
system, meters and relays; 12 yrs dept supt. De- 
ered connection with util. Locate any where. 
E-463. 


LICENSED ELEC ENGR, 34, MSEE, pub util 
and teaching exper; competent in statistical 
work, graphs and draftg, preparation of tech reports 
and articles; desires supervisory pos which will 
utilize abilities. E-465, 


B.E.E., 1937 from B.P.I., age 23, eligible M.E.E., 
1940; 2 yrs exper elec-mech des, devpmt, test. 
Desires pos in research, devpmt or teaching. Loca- 
tion, East preferred. Excellent ref. E-453. 


B.S.E.E., 1938, single, 27; 2 yrs exper service 
field on all types elec eqpt. Desires pos in the 
service field or maintenance of elec eqpt. Avail 
immed; will goanywhere. E-454. 


M.S.E.E., ’38, A.B. ’36, Columbia Univ, 25, 
single, Tau Beta Pi. One yr elec lab asst, Columbia 
Univ. Salary secondary, available immed, excel- 
lent ref. Location NY and vicinity preferable. 
E-459. 


B.S.E.E., 1937, V.P.I., A.B. 1935, 27, single; 
20 mos exper REA line des and constr. First class 
radiotel operator’s license; 11 yrs amateur radio 
operator and service work. Location immaterial. 
E-461. 

B.S.E.E., '38, Univ. of So. Carolina, single, 22, 
desires jr engg pos; location immaterial. Salary 
secondary. E-462. 

B.S. 1935; will obtain E.E. 1939, Newark Col 
Engg; single, 24; exper: 2 yrs electronics indus- 
tries; 2 yrs teaching elec engg subjects. Desires 
pos above or allied fields. E-466. 


UNIV OF COLO ’38, B.S.E.E., Eta Kappa Nu, 
22, single. Prefers pos in com field; util or mfg 
considered. Location immaterial. Available im- 
med. E-467. 


B.S.E.E,, 1936, 23, single. One yr steel mill 
constr, 1!/2 yrs pwr station constr, control and relay 
checker. Desires pos elec util—system protection, 
Planning, oprn. Any elec constr. Knows radio. 
Location immaterial. E-468. 


E.B;, B.S., ’35, M.S. ’°36, married, 26. Exper 
Itg, draftg, estimating, ordering materials, costing. 
Desires oprn, maintenance, constr or mfg work 


with future. Hard worker. Available immed. 
Location, NY. E-469. 


E.E., B.S., 26, married. Now employed as 
Diesel engine instructor, trade sch; 3 yrs exper 
Diesel-elec pwr plant, one mo indus E.E. lab. 
Splendid teacher. Prefers teaching math or engg. 
E-455. 

E.E. desires permanent teaching pos in elec engg, 
asst or assoc prof preferred. Qualifications are 
teaching exper and practical exper with large elec 
mfr. E-457. 

INSTRUCTOR IN E.E., grad elec and mech 
engr has been studying for past yr with primary 
object of becoming elec engg instructor; 4 yrs 
indus exper. Excellent record, E-458. 


ENGINEERING SOCIETIES 
EMPLOYMENT SERVICE 


NEW YORK SAN FRANCISCO CHICAGO 
31 W. 39th St. 57 Post St. 911 W. Wacker Dr. 
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In the Northern 
— Mm) States, on the Gulf 
] | 

fF i Coast, and both east 

| and west—Minerallac 

| Insulating Com- 

D } pounds are specified 

= ... proving that these 

IMERALLAc pLecrate COMP! materials do ‘‘stand 

up’’ no matter what 

change in tempera- 
ture may arise. 
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MINERALLAC ELECTRIC CO. 


25 NORTH PEORIA ST. CHICAGO 


BURNDY 
POWER CONNECTORS 


BUS. 


= SUPPORT . 
ae ; “TYPE UH. 


BURNDY ENGINEERING COMPANY, INC. 


459 E. 133rd°ST. * NEW YORK CITY — 


succeeds in the 


ELECTRICAL WORLD? 


Consider the men you know who are outstandingly 
successful in the electrical field. You’ll realize they 
have one characteristic in common .. . 

SOUND, ESSENTIAL TRAINING! 

In any field, the untrained man is doomed to 
eternal failure. The odds against him are too great. 
It is realization of this fact that impels ambitious 
men to enroll with the International Correspon- 
dence Schools—and get the TRAINING they need. 

Since 1891, nearly five million men have enrolled 
with the I.C.S. An active student body of 100,000 
men of character and courage is now studying 
1.C.S. courses. More than 2000 prominent business 
and industrial concerns have employee-training 
agreements with these world-wide Schools. 

We believe there is ‘‘food for thought’’—and a 
guide to action—in these facts . . . for the employee 
interested in achieving a higher position, and for 
the employer who is interested in the character of 
his personnel. 


NOTE TO EMPLOYERS: Write on your firm's letterhead 
for information on group and apprentice training programs. 


INTERNATIONAL CORRESPONDENCE SCHOOLS : 


BOX 9285, SCRANTON, PENNA, 


Without cost or obligation, please furnish me with full par- 
ticulars about the subject before which I have marked X: 


CJ Electrical Engineering Radio & Television 
Mechanical Drafting |] Business Management 
TECHNICAL AND INDUSTRIAL SUBJECTS 


D Air Conditioning and (© Diesel Engineering Radio © Refrigeration 
Cooling O Electrical Engineering O Sanitary Engineering 

0 Architectural Drafting O Electric Lighting O Sheet Metal Work 

O Architecture 0 Fire Bosses OD Steam Elec, Eng’ring 

CO Auto Elec. Technician O Foremanship O Steam Engineering 

© Auto Technician DO Heating O Steam Fitting 

O Aviation Engineering O Heat Treatment of OD Structural Drafting 

© Boilermaking Metals O Structural Engineering 

OJ Bridge Engineering O Highway Engineering (O Surveying & Mapping 

O Building Estimating O House Planning O Telegraph Engineering 

0 Chemistry O Machinist ) Telephone Work 

O Civil Engineering [] Mechanical Drafting -] Toolmaking 

OJ Coal Mining -} Mechanical Eng'ring O Ventilation 

0 Contracting and O Patternmaking O Welding, Electric 
Building O Plumbing and Gs 

O Cotton Manufacturing 0 Public Works Eng'ring Woolen Manufacturing 

BUSINESS SUBJECTS 

O Accounting 0 Civil Service 0 High School Subjects 

O Advertising 0 College Preparatory O Managing Men at Work 

O Bookkeeping 0 Cost Accounting © Salesmanship 

0 Business 0 C. P. Accounting J Spanish 
Correspondence CO First Yr. Col. Subjects Q Secretarial Work 

0 Business Management DO French O Stenog. and Typing 


O Traffic Management 


Present Positton........-+- 


Schools 


Canadian residents send cowpon to International Correspondence 
to 


Canadian, Limited, Montreal, Canada, British residents send cowpon 


I. O. 8., 71 Kingsway, London, W. O. 2, England. 
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Advertised Products Index 


AIR CONDITIONING EQUIPMENT 
General Electric Co., Schenectady, N. Y. 


AMMETER COMPENSATING COILS 
Minerallac Electric Co., Chicago 


AMMETERS, VOLTMETERS 
(See INSTRUMENTS, ELECTRICAL) 


BATTERY CHARGING APPARATUS 
General Electric Co., Schenectady, N. Y. 


BEARINGS, BALL & ROLLER 


Norma-Hoffmann B’r’gs Corp., Stamford, Ct. 


BRUSHES, COMMUTATOR 
National Carbon Co., Inc., Cleveland, O. 


BUS BAR SUPPORTS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CABLE ACCESSORIES 
Anaconda Wire & Cable Co., New York 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago 


CAPACITORS 
Aerovox Corp., New Bedford, Mass. 
General Electric Co., Schenectady, N. Y. 


CIRCUIT BREAKERS 
Air-Enclosed 


General Electric Co., Schenectady, N. Y. 


I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


Oil 
General Electric Co., Schenectady, N. Y. 


Roller-Smith Co., Bethlehem, Pa. 
CLAMPS, GUY & CABLE 


Malleable Iron Fittings Co., Branford, Conn. 


CONDENSERS, ELECTROSTATIC 
Aerovox Corp., New Bedford, Mass. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 


CONDUIT PRODUCTS 
General Electric Co., Bridgeport, Conn. 


CONNECTORS, SOLDERLESS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CONTROLLERS 
General Electric Co., Schenectady, N. Y. 
Rowan Controller Co., Baltimore, Md. 


CONVERTERS, SYNCHRONOUS 
General Electric Co., Schenectady, N. Y. 


DRAFTING MATERIALS 
Fredk. Post Co., Chicago 


DYNAMOMETERS 
General Electric Co., Schenectady, N. Y. 


DYNAMOS 
(See GENERATORS AND MOTORS) 


ELECTRONIC TUBES 
General Electric Co., Schenectady, N. Y. 


FURNACES, ELECTRIC 
General Electric Co., Schenectady, N. Y. 


FUSE CUTOUTS 
General Electric Co., Schenectady, N. Y. 


GENERATORS AND MOTORS 
General Electric Co., Schenectady, N. Y. 


GROUND RODS 
Copperweld Steel Co., Glassport, Pa. 


HEATING UNITS 
General Electric Co., Schenectady, N. Y. 


INSTRUMENTS, ELECTRICAL 


Graphic 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


Weston Elec. Instrument Corp., Newark, N. J. 


Indicating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


Weston Elec. Instrument Corp., Newark, N. J. 


, Integrating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 


Weston Elec. Instrument Corp., Newark, N.J. 


Scientific, Laboratory, Testing 
Acme Elec. & Mfg. Co., Cuba, N. Y. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


Weston Elec. Instrument Corp., Newark, N. J. 


20 Please mention ELECTRICAL ENGINEERING when writing to advertisers 


INSULATING MATERIALS 


Cloth 
General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 


Compounds 
General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 


Roebling’s Sons Co., John A., Trenton, N. J. 


Moulded 
General Electric Co., Bridgeport, Conn. 


Paper ; 
General Electric Co., Bridgeport, Conn. 


Porcelain 
Universal Clay Products Co., Sandusky, O. 


Tape, Friction 
Minerallac Electric Co., Chicago 
Okonite Company, The, Passaic, N. J. 


Roebling’s Sons Co., John A., Trenton, N. J. 


Varnishes 
General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 


INSULATORS, PORCELAIN 
General Electric Co., Schenectady, N. Y. 
Ohio Brass Co., Mansfield, O. 
Universal Clay Products Co., Sandusky, O. 


LIGHTING EQUIPMENT, OUTDOOR 
General Electric Co., Schenectady, N. Y. 


LIGHTNING ARRESTERS 
General Electric Co., Schenectady, N. Y. 


LOAD RECORDERS—CONTROLLERS 
Leeds & Northrup Co., Philadelphia 


LOCOMOTIVES, ELECTRIC 
General Electric Co., Schenectady, N. Y. 


METERS, ELECTRICAL 
(See INSTRUMENTS, ELECTRICAL) 


MOTORS 
(See GENERATORS AND MOTORS) 


PLASTIC PRODUCTS 
General Electric Co., Schenectady, N. Y. 


POLE LINE HARDWARE 


Malleable Iron Fittings Co., Branford, Conn. 


Ohio Brass Co., Mansfield, O. 
POLE MOUNTS 


Malleable Iron Fittings Co., Branford, Conn. 


PORCELAIN, ELECTRIC 
Universal Clay Products Co., Sandusky, O. 


RECTIFIERS 
General Electric Co., Schenectady, N. Y. 


REGULATORS, VOLTAGE 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Roller-Smith Co., Bethlehem, Pa. 
Sola Electric Co., Chicago, Ill. 


RELAYS 
General Electric Co., Schenectady, N. Y. 
Guardian Elec. Mfg. Co., Chicago, III. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


Weston Elec. Instrument Corp., Newark, N.J. 


RESISTORS 
Aerovox Corp., New Bedford, Mass. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago 


RHEOSTATS, LABORATORY 
General Electric Co., Schenectady, N. Y. 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago 


SHEETS, ELECTRICAL 
Carnegie-Illinois Steel Corp., Pittsburgh 


SUB-STATIONS 
General Electric Co., Schenectady, N. Y. 


SURGE ABSORBERS 
Ferranti Electric, Inc., New York 


SWITCHBOARDS 
General Electric Co., Schenectad Pls Pee 4 
I-T-E Circuit Breaker Co., Phila elphia 
Roller-Smith Co., Bethlehem, Pa. 


SWITCHES, AUTOMATIC TIME 
General Electric Co., Schenectady, N. Y, 
Minerallac Electric Co., Chicago 


SWITCHES, DISCONNECT 
General Electric Co., Schenectady, N. Y. 
Roller-Smith Co., Bethlehem, Pa. 


SWITCHES, GENERATOR FIELD 
I-T-E Circuit Breaker Co., Philadelphia 


TOWERS, TRANSMISSION 


American Bridge Co., Pittsburgh 


TRANSFORMERS 


Acme Elec. & Mfg. Co., Cuba, N. Y. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Sola Electric Co., Chicago 


TURBINE GENERATORS 


General Electric Co., Schenectady, N. Y. 


TURBINES 


General Electric Co., Schenectady, N. Y. 


WELDERS, ARC 


General Electric Co., Schenectady, N. Y. 


WELDING WIRE 


American Stee & Wire Co., Chicago 
General Electric Co., Schenectady, N. Y. 
Roebling’s Sons Co., John A., Trenton, N. J. 


WIRES AND CABLES 


Aluminum ¥ 
Aluminum Co. of America, Pittsburgh 


Armored Cable ‘ 
American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N.J. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Asbestos Covered ; 
American Steel & Wire Co., Chicago 
General Cable Corp., New York 
General Electric Co., Bridgeport, Conn. 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Bare Copper 
American Steel & Wire Co., Chicago 
Copperweld Steel Co., Glassport, Pa. 
Crescent Ins. Wire & Cable Co., Trenton, N.J. 
General Cable Corp., New York 
Roebling’s Sons Co., John A., Trenton, N. J. 


Bronze 
Copperweld Steel Co., Glassport, Pa. 


Copper Covered Steel 
American Steel & Wire Co., Chicago 
Copperweld Steel Co., Glassport, Pa. 
General Cable Corp., New York 


Flexible Cord 
American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Heavy Duty Cord 
American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N.J. 
General Cable Corp., New York 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Lead Covered (Paper and Var. Cambric Ins.) 
American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Cable Corp., New York 

General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Okonite-Callender Cable Co., Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Magnet 
American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Rubber Insulated 
American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N.J. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton N. J. 


Tree Wire 
American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Cable Corp., New York 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


: Weather proof 
American Steel & Wire Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
Copperweld Steel Co., Glassport, Pa. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


X-RAY UNITS, INDUSTRIAL 


General Electric X-ray Corp., Chicago III. 


JUNE 1939 


CS 


June 1939 


Cunying Quite a Load 


Taxes are necessary — you couldn’t run a city, state or 


government without them. But they do mount up. 


Fact is, a considerable part of the money you pay us for 


telephone service goes right out in taxes. 


Bell System taxes for 1938 were $147,400,000 — 


an increase of 56% in three years. In 1938 taxes were: 
Equal to about $550 a year per employee 
Equal to $9.50 per telephone in the Bell System 


Equal to $7.54 per share of A. T. & T. common stock 


Beeler E PeAOUNsES 9S YS TEM 


You are cordially invited to visit the Bell System exhibit at 
the Golden Gate International Exposition, San Francisco 
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Still Serviceable After Fifteen Years INDEX TO 
In 1924 this chestnut pole required replacement or salvage because ADV E RTISE RS 


of ground-line decay. The Williams Pole Mount salvage method 


was employed. Today the pole appears sound enough for another Pace 
15-year period. Equivalent Williams Pole Mount construction ae 
now would cost from $38.00 to $40.00 for grouped Aerovox Corporation... tka wee io 
jobs to about $45.00 for single poles—with some , Aluminum Company of America. : 
extras for freight beyond 200 miles and for trans- American Steel & Wire Co..... ans 
portation to relatively inaccessible pole locations. American Tel. & Tel. Co......... 
Spreading this salvage cost over the demonstrated Bakelite Cotporation tee 6 
life gives annual maintenance cost of about $3.00 Black ® Veatch oo eee 18 
to date, reducible to about $1.50 by extending the Burridy Engineering Gel, ine 19 
useful life to 1950. Then the Pole Mount unit on 
permanent concrete base is ready to receive re- Carcegic-Illinois Steel’ Cora mee 14 
placement pole at same location at cost of per- 
haps $5.00 plus pole and overhead changes—or Du Mont Labs! fae) Allen Bae 16 
the entire unit may be salvaged for use elsewhere. 
Figure against a carpi the cost Ch Teh eater eye ise Engineering Directory.........+.. 18 
otherwise required in to carry trolley feeders, telephone , 
and light and power services with riser pipe, and question Engg. Soc. Employ. Service....... 18 
whether that replacement would last until 1950. You then 
have the answer as to which method is cheaper. About 7,000 Ferranti Electric, inc ..co +i 16 
successful installations in United States and Canada prove Fowle & Company, Frank F...... 18 
we have an economic salvage construction device and method. 
Used also to support new poles to meet special anchorage f 
conditions requiring development of full strength of pole. General Cable Corporation BARA c 4 
Investigate the economy of Pole Mount construction. General Electric Company. .2nd Cover 
ee for ne eee Beers Sai tle Nee pap yes ee defies General Radio Company ss co Lena estes 15 
— — n evises—. : . 
TEES Spt nit Cais PR Rea ai apelin ion it Pole Fitene Giller, Frederick S..........-..+. 18 
Crossarm Gains—Through-bolt Guy Hooks and Accessory Eye Nuts, etc. 
Industrial Notess-.e ee eee 8 
MALLEABLE IRON FITTINGS COMPANY ioe ee Cceieh ee 
Pole Hardware ere [etait ioe ] ota Connecticut ss - Schoolsss ise shee core eins 19 
<i> ene Canadian Mig. Distributor: > =x <i> Irvington Varnish &InsulatorCo. 13 
@& CABLE ACCESSO! » Ltd., Toronte 
Jackson & Moreland............. 18 


Kerite Ins. Wire & Cable Co. Inc. 7 


NOISE MEASUREMENT 


Malleable Iron Fittings Co....... 22 
Minerallac Electric Co............ 19 
In determining the true causes 
of observed sound levels and in measuring Nes Produces) (a a ee a2 
Noise Measurement Test Code... 22 
the levels produced by apparatus, the new 
Test Code for Apparatus Noise Meas- Ohio Brass Company............. 1 
urement” will be found of great value in Okonite Company, The..... 4th Cover 
establishing uniform methods of conduct- 
ing and reporting such tests. Pacific Electric Mfg. Corp...3rd Cover 
; ; Polachek, Zi Hu, anc. ccs eae 18 
The following subjects are covered: radia- aes 
tion of sound, room effects, ambient sound Roebling's Sons Co. John i ae 3 
levels, instruments standards, factory tests, Roller-Smith Com sce eee ee 11 
measurement positions and field investiga- Rowan Controller Co............. 16 
tions. 

f Sanderson & Porter.............. 18 
This Test Code was developed by the Sub- Sargent & Lundy Inc.........+6.. 18 
committee on Sound of the A.I.E.E. Southgate, George T............. 18 
Standards Committee and was published 
in March, 1939. Copies are obtainable at Transactions Index, AIEE........ 17 
a cost of 30 cents each (50 % discount to 
A.I.E.E. members on single copies). Ad- Universal Clay Products Co....... 12 
dress H. E. Farrer, Secretary, Standards Kans SANs Ah SD ae 14 
Gee ee SIALALY:.. 6:0 as coe si sie eine tei ei eterno 5 

Weston Elec. Instrument Corp... 2 

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS Warren, Howard S............00. 18 
33 West 39th St. New York, N. Y. White Engg. Corp., The J. G..... 18 

Wopat; do) Wide cscs aoe eee 18 

Wray &/Cosdi Gis. ene eee 5 Alte: 
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Please mention ELECTRICAL ENGINEERING when writing to advertisers JUNE 1939 


See all this reliable 
high-voltage equipment 
at our exhibit on Treas- 
ure Island while you at- 
tend the AIEE Conven- 
tion in San Francisco 


June 26-30. 


Type AKE breakers in 4000 kva substation serving the 
Gayway at San Francisco Exposition. 


Automatic Service Restorer for rural or low-revenue distribution lines 


with these Switches and Oil Circuit Breakers 


You can have full circuit protection, low first cost and less 
maintenance with Pacific Electric Oil Circuit Breakers. 
You can have easy, positive operation with Pacific Elec- 


tric Air-Break Switches. 


Stop in at our exhibit at the San Francisco Fair. See for 
yourself why scores of utilities rely upon Pacific Electric 
equipment for safe, sure operation of their systems. Write 
now for full details. 


Lower left: Aiir-Break Switches ready for Boulder Dam equipped 
with our MG-6 Motor Control and high-pressure contacts. Above: 
Type RWE Oil Circuit Breaker, 161 kv. equipped with our MW-40 
Motor Control. Installed in Washington. Insert: Indoor Discon- 
nect, 4000 a., equipped with clamp contacts for full load carrying. 

You owe it to your company to obtain the full details on the 
money-saving, reliable Pacific Electric equipment while you are 
in San Francisco. See our exhibit. Visit our plant. Ask for bul- 
letins describing these big-value Oil Circuit Breakers and Switches. 


OKONITE RUBBER INSULATION 
15 


There are so many precise refinements employed in selecting the materials and in/the 
: it often is referred to/as 


details of the manufacture of Okonite rubber insulation that 
t’. » » Among these precise refinements are: 


“cTistom-buil 


The constant gauging of the Okonite 
compound as it is calendered between 
heavy rolls 


The thorough washing that the Wild The long periods that the washed rubber 
Up-river Fine Para rubber undergoes is hung for natural and unhurried drying 


The foot-by-foot inspection of the cal- The conductor being insulated with these Vulcanization in continuous metal mold 
endered strips after the tin backing has strips and opentoinspectionall the time 
been applied 


Electrical and chemical inspections and tests during and after completion of every cable 
exceed, by far, the specification requirements of any purchasing or standardizing bodies. 
It is significant that one out of every six Okonite factory men is employed in inspection or 


research. » » Is it any wonder that Okonite is called the “custom-built” insulation ? 


THE OKONITE COMPANY 


Founded 1878 


EXECUTIVE OFFICE: PASSAIC, NEW JERSEY 
HAZARD INSULATED WIRE WORKS DIVISION THE OKONITE-CALLENDER CABLE CORING 
New York Boston Seattle Buffalo Chicago Dallas Detroit Atlanta 
Philadelphia Los Angeles Pittsburgh Cleveland St. Louis Washington San Francisco 


OKONITE QUALITY CANNOT BE WRITTEN INTO A SPE CUIRIGATION 


pwvarin 


